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ABSTRACT

u
This report,is identicalto a thesis mlhmitt_dto the I_t of

Ch_cal En_arlng, MaseachnaettsIDstl_t_ of Technolo_, Febru_, i_,
in partial fc_afil_ of the n_lu_ for the degree of Doctor of Science.

The purpose of this thesis stu_ was: first, to determlue open-circuit
vol_ges of severalmolten-saltthezm_ells whiah a_ to have pxxJise
for energy _onverslon;an_ seco_Ipto formulatean expressionwhiQh satis-
factorilydescribe_ the effect cJf known varia_le, on this voltage.

In _ with these o_Jectlves, the upen-ci_uit volts6es of _c_r
_ells were measured exper_nta_. All four had identicalehlori_e-
on-graphite el_s, trot ef_h contained a _ifferent eleet_olTte. The
four pure _Iten salt electrolytesstudledwere lithium chloz_dmp sodium
chloride,potasslu_chloride and silver ahloride. Open,itself voltages

•_e" determinedas a function of total pressure and of electrodetemperatures,
_aleh ran_e_ f_ near the melting points of the salts to 1300_C. Tot_l
lmWsures _re va,r'Ae_, fX,os one a_OSl_ere to a tenth of an atmosl_er_ _z-
cel_ in the lithium chloride-chlorine system vhteh vas stuiAiedat
atmosphereon_. I_ the data, curves sho_ cell vol_e as a i_nction
of eleetr_ textures and total pressure_ fore.fated.

The See_.k coefficien*_ of the four systos studied vere found to
vary. At higltt_m_erat_res and low pressures in partleuler,there was
a marked Increase _e to vapor pres"surean_ dissociationefTects.

An equation va_ derived which correlated the effects of a pressure
change _ cell voltage. It vas f_And that the cell voltage coui_ be pre-
dAetedwlth aeeur_ once the vol �p�versusts_peraturecharacteristics
of the system had l_en establish_A at one pressure. The equation included
the efTeetsof salt vapur pressure and chlorine dissociation on voltage.

Ca_tions indicatethat t_e _ overall efficiencyobtain_
able in au_ of the systems studle_is around five per cent. This is
.the efficle_y e_i_a_e4 for the silver chloride-chlorine thermocell oper-
ating at a total _ssure of Oa_ atmospheresand cold and hot electrode
_z_m of 500 C an£ 1500-C respectively. Yoltagu and efflcienctes
wore es_l_e_ for the _leal litMt_s fluoride-fluorine tbe_ell.

_j_ appears to bare a _ efflelencyof ax_un_ _m per cent
_hleh _ _b_ to be the highest obtai_le in a_ _iten-salt system.

_4
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I. SD_

A. Introduction

i. Thermoelectric Energy Conversion

During recent years, a great deal of research has been directed

toward the development of new methods for converting heat and other

forms of energy into electricity. Among these methods is thernoelectrlc

en_rg_ conversion which depends on a _rinci_le first discovered by Seebeck

who f_md that a voltage was generated when the Junctions in an electr_c

circuit composed of two different conductors _re held at different temp-

eratures. In )_or of this discovery, the rate of change of voltage with

temperature for s-ch a s_tem is called the Seebeck coefficient.

Tue most familiar application of Seeb_.ck's discovery is in the bi-

metallic thermocouple. Although this is generally used to determir_ temp-

era_Are from the measured voltage, It has also been recognized as a pos-

sible energy conversion device. The e.m.f, developed in such a system

can be made to c_Ase a current flow_ thus prod_ci_ ener_j. Under load,

the ther_ocouple operates as a heat engine, receiving heat at the hot

Junction, reJecti_ heat at the cold Junction and doing work. It is foul.,

however, that the efficiency of the bimetallic thermocoup]_ is extremely

low.

The recent interes_ in thermoelectric energy conversion resvl_s fA_om

the develpment of solid-state thermoelectric generators which provide power

at a _xch higher efficiency than was possible with bimetallic thermoco_ples.

In fact, because of the advantage of no moving parts, these devices have

been prodnced c_rclal_7 for a n_r of applications. They

have the diU_dvantage, however, of deteriorati_ at high temperatures.

Thus, for contlnuou_ operation, the solld-state thermoelectric device is

limited to a relatively low te_rature range and hence, a low -=Y4w,m

efficiency.

l
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2. Efficiency of Thermoelectric Devices . ,,_

Thermoelectric devices ar_ Judged in tern_ of their ove_li efficiency,

which is defined as the fraction of the high temperature heat absorbed which

is converted to useful work. The degree to which the efficiency of these

devices falls short of the Carnot efficiency depends upon the relative mag-

nitudes of the Seebeck coeffiolent and the thermal and electrical conduct-

Ivities. Highest efficiencies require high Seebeck coefficients, high

electrical conductivities, and low thermal conductivities, t_e influence

of these three properties is formulated mathematically in standard texts(l0,14)

and is discussed in detail in the body of the thesis. High thermal cond-

uctivities coupled _Ith low Seebeck coefficients have imposed definite

restrictions on the efficiencies of bimetallic thermocouples. On the other

hand, the development of solid-state materials with hlgh Seebeck @@efficients,

relatively low thermal conductivities, and high electrical conductivities has

made thermoelectric energy conversion poc3ible at much higher efficiencies.

_ Thermocell Descrip_ ! '

The thermoelectric effect is not limited to electronic conductors

such as metals and semi-conductors but is also observed in molten salts,

aqueous solutions, and ionic solids, which conduct electricity by ion

migration. Thus, if two identical electrodes h_Id at different temperatures

are connected by an electrolyte having ions which can undergo reaction at

the electrodes so that there is a _eversible heat effect, a voltage is

gene_Bted. Such a device is commonly called a thermocell.

The thermocell differs from the conventional thermocouple in that

electrical conduction is accompanied by a transfer of material between

electrodes due to ion migration. An example of a simple thermocel! in

which this occurs is shown in figure 1 where the silver chloride-silver

system is illustrated. Note from the figure that it would be necessary

1964010733-011



to recycle silver from the cold to the hot electrode if this system --.re

to operate continuously as shown°

In the absence of extreme pressures, thermocel!s using aq_:eoussolut_on_

are limited to a small temperature range. _ence, they are not particularly

attractive and will rot be considered further. Cells contair_ingsolid

ionic electrolytes are likewise not attractive today, since all known solid

electrolytes show rather low electrical conductivities o On the other hand,

electrical cond_ctivities are blgh for many molten saltso In addition,

the temperature range between their melting and boiling points is 6Teat

allc'lin6molten salt systems to operate above the maximun temperatures

_e_d by conventional power generators. In light of these factors,

t_e _l_m salt thermoc_ll was chosen for stU_o

_o Selection of Molten Salt S_stems to be Studied

The selection of the specific molten-salt thermocells to be studied

was based on _ aonsideration of the three factors affecting effiency.

Thes_ are discussed below.

(a) Thermal Conductivity: Published data on thermal coDductivity of molten

salts are scanty. Recent work, however, (931) indicates tha_ the major

contribution to conduction in the electrolyte is by vibration of the ions

making differences in thermal conductivity from melt to melt small (typical

values range from 0.003 to 0.009 Watt/cm %)° Therefore, the choice of �¸&molten salt electrolyte to be studie_ here was _ without reference

%o thermal .'on_ctivlty.

(b) Electrical Con_Activity: In contrast to therwJl conductivity_ this

property is profoun_ influenced by the _ture of the molten electrolyte.

The metal fluorides have in general the highest electrical conductivities_

_t were not used _ecause there is no suitable container at the present

time. Four salts with slightly lower electrical con_tivities are the

1964010733-012



chlorides of lithium, sodium, potassium, and silver, Since suitable

containers are available for them, these four electrolyteo were select d

for study.

(c) Seebeck Coefficient: It is possible for the electrode reactant to be

a solid, a liquid, or a gas. It can be shown that due to the high entropy

associated with caseous molecules, therzocells having _as electrodes will

in general have higher Seebeck coefflci_,nts. For example_ the highest

Seebeck coefficient yet reported for a nDlten-salt thermocell is that

for the chlorine electrode in silver chlcrlde(26). In addition, the See-

beck coefficient can be increased by reducing the pressure of the gas

supplied to the electrode. On the basis of these facts, it was decided

to use the chlorine electrode.

In the past, open-circuit voltages for silver chloride, sodium

chloride, and potessium chloride thermocells with chlorine electrodes

have been reported for a limited temperature range and at one atmosphere

pressure(2__6,_).The data for the last two systems are considered by the

author to be unreliable for reasons mentioned in the body of the thesis.

The scope of this work included the study of these same systems over a

larger range of temperature and pressure than that previously explored.

It also included the study of the llthiumchloride-chlorizm cell at one

atmosphere pressure.

The study of electrode kinetics was considered beyond the scope

of this thesis. Hence, the proposed experimental work _nvolved the measure-

ment of open-circuit voltages only.

B. Theoz_

Based upon a therm_dyne_c analysis of the _lten-salt thermocell

using chlorine as the electrode re.actant, the followir_ expression for the

voltage of one electrode at a temperature T3 versus a r_ference electrode

1964010733-013



at TI is proposed

F_S°dT + 1/2 RTlln_y _2 RT3Ln('n'I" t. [F;yj,rr)] (28)
1

E=#[ %

This equation allows for a significant salt vapor pressure and for chlorine

dissociation at the temperature of the hot electrode, but these effects

arm assumed to be ne6_bi_ic at TI. The _rious te_-s are defined as follows:

E is the voltage of the cell at open circuit.

is the Faraday constant; 96,500 coulombs per gram equivalent°

o = )
S° is the standard state entropy change (1/2 SC_ e,g " SCI"

for the following reaction:

Cl- _ 1/2 Cl2 + e"

where SCI2 is the entropy of chlorine gas at one atmosphere

pressure, S is the "transported entropy" of the electron in
e_g

graphite, and SCI_ is the transported entropy of the chloride

ion in the pure molten salt (th_ _ransported entropy is defined

as the sum of S, the partial mola! entropy and S_, the "entropy

of tr=nsfer" ).

R is the gas constant.

Tr is the total pressure and is equal to the ch] )rine _rc_sure at

the reference electrode. (At the reference temperature, the vapor

pressure of the fused salt is negligible. )

/

Tr is equal to the total pressure _ minus the salt vapor pressure.

(The salt vapor pressure m_y be significant at the temperature

of the hot electrode. )

n is a function of the chlorine dissociation constan_ K and _/j

both evaluated at T3. It is defined by the expression
l

__(n + 1 _,1/2

1964010733-014



6

of diatomic chlorine due to the dissociation reaction

Cl2 -_ 2 Cl

Note that the last two terms of equation (28) account for chlorine pressures

different from unity. It is easily seen that at pressures less than one

atmosphere the second term becomes negative and the last term becomes

positive, it is clear also from i,_pectlon that the latter is al%_ys

of the greater absolute magnitude. Hence, the net effect of a reduction in

total pressure is an increase in voltage.

Inspection shows that all of the terms in equation (28) can be read-

ily evaluated, except for _ S° which is the entropy cha_e for the ion

S°C_ " + S_ -discharge reaction and equals (1/2 + Se,g e,g " SCI" " 8CI-)"

SC_o is, of course, readily available in the literature, as is (Se,g + Se_,g)-

Due to uncertainties in liquid state theory, however, it has not been pos-

sible in the past to calculate the partial molal entropy of a single ion

in a molten salt. Recently, Pitzer(2__4)proposed an equation for the

partial molal entropy which he considers to be valid for systems such

as those explored here (simple 1-1 molten salts where the ions are not

too greatly different in size), but so far, no method for experimentally

confirming Pitzer's equation has been devised.

_,nknown in _ S° is the quantity SC_-. This term, the entropy
Another

of transfer, results f1"omthe migration of the ion through a non-isothermal

Because of the uncertainties in S_I. and SCI" as reflectedelectrolyte

in A S0, the voltage of a thermocell cannot be directly calculated from

equation (28). Note_ however, that once the upon circuit voltage has been

measured at a known pressure and electrode temperatures, the integrated

quantity 3_S dT can be obtained. Further, since this quantity is

presumably I indepenaent of pressure, the voltage of the same thermocell at

the same electrode temperatures but at different pressures can now be cal_

1964010733-015
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C. Experimmntat ion

1. Apparatus

One of the first problems in the selection of an experimental system

was that of finding a suitable container for the molten alkali chlorides,

Previous workers l_d found that these melts attacked _ased Qfaartz'_. There-

fore_ it was thought necessary to use other refractory materials which

could not be forme_ into such complex shapes as the U-tubes used in previous

thermocell studies, The cell design which resulted is shown in figure 5.

Tl_eunit was constructed of standard refractory shapes,

The cell proper consisted v, _ large ^1_.a _ d-_ - __-_n tube which held the

molten salt. Inside was placed a smaller open-end tube which hung approx-

imately one inch above the floor of the cell. The melt level was depressed

in the _mall tube, and a graphite electrode and thermocouple were placed

in the electrolyte at this pei_t to form the cold Junction of the device.

The hot Junction was formed by another grmphite electrode placed Just below

the surface of the liquid in the annulus between the tubes. A the:_ocoupl_

was also placed in the annulus adjacent to the hot electrode. The temper-

atures of these compartments were controlled independantly by devices

which regulated the power input to the two zones of the tube furnace.

Chlorine was supplied directly to the electrodes which were constructed

so that only a small button of graphite adjacent to the thermocouple

came into contact with the molten salt. All cell components were sealed

together as a unit at the top of the large tube outside of the furnace.

The seaJ.was affected with a teflon plug-viton O-ring fitting which was

gs_s_ight at moderate vacuum.

@ Note: It was found, however, that the melts them-elves were not corrosive,
but that corrosion resulted from contamination by moisture. If chlorine
was bubbled through the salt for a few hours following melti_ a____ug-
gested by MAricle and Humeton_ corrosion of quartz was minimal. Bloom,- -- _.t ._

=._ ,A.___ also found fused quartz suitable when the salt was pure.

1964010733-016
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2. Operating Procedure

The voltage versus temperature characteristics of a given cell at

constant pressure were measured by holding the cold electrode at a given

tem_peraturewhile increasing th_ temperature of the hot electrode in steps

of about 20%. At a given temperature setting, the open-circuit voltage

registered h_tween electrodes and thc o.m.f.'s of each ther_ocouple were

deter_ned. The temperature of the hot electrode was then increased and

when steady-state _s achieved, the readings were repeated. By this method,

it was l_ssible to deternLinecell voltage as a function of the ten_erature

difference between the electrodes.

The geometry of the experimental cell prevented a temperature dif-

ference greater than 200°C. For that reason, when a string of data

points had Is_endetermined at a steady cold Junction tem_rature, the te_-

erature of the cold electrode was increased by about i_0%. Then, while

still at the same pressure, another string of data points were obtained

starting with the hot electrode at the sam.etemperature as the cold and

again raising its te_rature by 20°C steps. When the entire region of

te_rature had been explored at constant pressure in this manner, the

pressure was chr.ngedand the process repeated. Then, by superimposing

consecutive raw-data plots, it was possible to forn_tlatea graph sho_ng

the voltage of the hot electrode at any temperature and pressure versus

a cold electrode at a chosev reference temperature. The sample graph shown

in _ic._reI0 is for the potassium chloride-chlorlne system. Si_Imr ex_r_

Imental curves were obtained for each of the other three systems studied

at temperaturas ranging from Just above the melting point of the electroly_e

to 1BO0°C. Pressure_ were varied from one atmosphere, to as low as O_l

atmosphere except for _he lithium chloride-chlorine cell which was studied

at atmospheric pressure only.

1964010733-017
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3. Experimental Results

The experimental results are shown in figures 12, 14, IT and 16 for

the four systems studied. The points shown represent voltages measured

experimentally and formulated as described above. The lines on the fig-

uros are voltages calculated from equation (28). In brief, the calculation

method was as follows :

First, the last two terms of equation (28) were evaluated for a given cell

pressure and each of several hot electrode temperatures from data avialable

in the literature (salt vapor pressures were taken from relerences(l) and__) ,

and dissociation data were taken from(8))_ The cold electrode temperature

used was equal to the reference temperature chosen for the particular cell.

Second, these calculated quantities were subtracted from the corresponding
nB

experlmental voltages to yield the value of _3_ sOdT as a function of

temperature (shown as dotted lines in the figures). Then, voltages

corresponding to different cell pressures at various temperatures were

calculated from equation (28) using the known value of _T3_s°dT. As
T

shown in the flgure_, the cell voltages so calculated ague with those

measured experimentally within the limits of experimental error.

The Seebeck coefficient, namely the slope of the E ver_ temperature

' curve_ was not constant _n these cells, but was found to vary significantly

with temperature and pressure. Note in particular the u_-,lardcurvature

of the lines at high temperatures and low pressures which results from

increasing"salt vapor pressure and chlorine dissociation. This effect

is not as pronounced in the silver chloride system where the melt has a

comparatively low vapor pressure and a low melting point. In fact, for

the silver chloride-chlorine thermoeell, there is a noticeable decrease

,,_ in Seebeck coefficient w_th temperature in the low temperature region. (The

i same trend can be observe(L in the dotte_ curves for all four systems. ) This

1964010733-018
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behavior indicates a decreasing Z_S° with temperature due to a _Cp for

the half cell reaction different from zero. For the silver chloride-chlorlne

cell, the measured _C is about -3.0 e.u. and is in striking agreement with
P

the estimated ,,alueof -3.3. Similar agreement was found for the other

systems also.

The average Seebeck coefficient for the silver chloride-chlorine

cell between 500°C and 900°C and at one atmosphere pressure was found to

be 0.6_5 mv/°C in agreement with the value of 0.66_ + 0.020 mv/°C reported

by Senderoff and Bretz(26) for the same conditions. Detig and Archer(_)

found the values 0.45 mv/°C and O.hO mv/°C for the sodium chloride-chlorine

and potassium chloride-chlorine the.mocells respectivel_,at about 850°C.

These compare with 0.475 mv/C° fou,ldin this work for both cells under

similar conditions.

D. Conclusions

i. T_msported Entropies and Entropies of Tr.msfer

From the data, the quantity _CI" was calculated and _s found to be

19.72 e.u. in lithium chloride at 827°C, 21.61 e.u. in sodium chloride

at 9_7°C, 21.73 e.u. in potassium chloride at 927°C and 17.09 e.u. in

silver chloride at 727°C.

If the Pitzer equation(2_) is correct, entropies of transfer are

very nearly equal to zero in lithium chloride, sodium chloride and potassium

chloride, but the value is -3.7 e.u. for the chloride ion in silver

chloride. It mu_t be recognized, how_;er, that Pitzer's rel_tionship

does not necessarily hold with equal validity _n _ii systems studief.

A more detailed discussion of the variou, entropy terms can be

found in the body of the thesis.

2. ___ermocell Efficlencies

The variation in Seebeck coefficient indicated by the ourve_ lines in

1964010733-019



Ii

expression derived for solid_stete thermoelectric Generators. _pproxl_mte

thermocell efficiencies cs,n, nevertheless, be estimated although the

calculation is tedious.

At first glance, it would appear that maximum thermocell _fficiencies

will be obtained where the slope of the voltage versus temperature curve

is step,pest. However, under these conditions, the salt vapor exerts a _rge

fraction of the tot_l pressure in the hot electrode chsLmber. This means

that_ in operation, salt vapor will be carried alon_ with the recirculat_ng

chlorine. Hence, heat rill be absorbed at the hot electrode by vaporization

and will be transported irreversibly to the cold electrode chamber. There-

fore, when the salt vapor pressure becomes too large, this irreversible

transfex of heat serves to reduce cell efficiency.

In calculating the maximum efficiency, it is necessary to balance the

irreversible effects (ohmic loss, heat transferred by conduction, and

heat transported by vaporization) against the rate of reversible heat ab-

sorption at the hot electrode. Such a calculation based on a cold Junction

rGemperatureof 500°C was made for the silver chloride-chlorine thermocell

with the results shown in Imble V. Note that the efficiency so calculated

increases with reduced pressure and increased temperature in _eneral until

at 1300°C and 0.4 arm it reaches a maximum (4.5 per cent) and starts to

decrease again. This phenomenon reflects the influence of the increasing

salt vapor pressure. In fact at i_27°C and i atm pressure (20% below the

normal boiling point), the efficiency is only 2.7 per cent. Thus, it

appears that the maximum efficiency for this particular system is in the

neighborhood of 4°_ per cent at the conditions described above. _e alkali

chloride-chlorine thermocells because of high vapor pressures and shorter

temperature ranges are even less efficient.

Also in table V are shown esti1_ted cfficiencies for two hypothetical

thermocells, namely the lithium flur,ride-fluorine cell which has an un-
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usually high electrical conductivity and the boron oxide-oxygen cell which

has a large temperature range and a low vapor pressure. The voltages to

be expected from these systems were calcul_ted from exp°ressionsanalogous

to equation (28). The half cell entropy changes were _'_stimatedusing

c_ to be zero.
Pitzer's equation and assuming _Jl"

It is interesting to note that evez though the boron oxide-oxygen

system has a high Carnot efficiency due to a larg,_tempera_a_ range,

the actual efficienn_es ar-_low. This is due to the decrease in the number

of moles reacting per electron transferred. The lithium fluoride-fluorine

system on the other h_nd has an estimated,efficiency of up to ii._ per cent,

the higher efficiency resulting mainly from the increased electrical con-

ductivity of the electrolyte.
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I!. INTRODUCTION

During recent years, a great deal of research has been directed to-

ward the development of better techniques for converting h_at and chem-

ical energy into electricity. This zesearch has been motivated not only

by the demand for lower cost domestic electricity but also by requests for

efficient and compact electrical generators to be used in military and

space applications.

One device resulting from this effort i_ the solid-state th_rmoelect-

ic generator which is analogous to the familiar bimetallic thermccouple.

The overall efficiencies of solid-state thermoelectric devices are, how-

- _r; much higher than those achieved in the past using bimetallic thermo-

couples because of the high electrical conductivities, high Seebeck

coefficients, and low thermal condnctivities of the newly _eveloped

semi-conductors used in their construction. But, a serious problem

with solid-state devices, at least as they are presently compounded, is

that they tend to loose their favorable thermoelectric properties at high

temperatures. Hence, they are limited to a temperature range in which the

maximum theoretical (Carnot) efficiency is quite low.

A thermoelectric device analogous to the solid._statecouple _u_d

known as the molten-salt the_ell has also been proposed as a possible

electrlcal generator(28). Like semi-conductor thermoelectrics, simple

thermocells corsist of two dissimilar electrical conductors connected in

series with the Junctions at d/fferent temperatures. In the thermoeell,

however, at least one of the conductors is ionic rather than electronic,

while both con@actors are electronic in solid-state devices. Thus, in

the thermocell, electrochemical half cell reactions occur _.teach of the

Junctions or electrodes. As an example, the silver chloride-silver

therm_ell is shown in figure I. Here, the silver electrodes and wire

1964010733-022



I_

t //,/_±
silver wi_e

silver electrodes

Figure I. Schemtic diagram of molten silver chloride-silver
thermocell.
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represent the electronic leg of the thermocell and the molten silver chlor-

ide represents the ionic leg. Notice that the two silver electrodes and the

molten ele_e surroundlng them are at uniform but different temperatures

with the temperature drop confined to the electrolyte connecting these

electrode compartments. The silver wire connecting the two electrodes

also passes through a thermal gradient_ When this cell operates spontan-

eously_ electrons and silver ions are produced by the _alf cell reaction

at the "hot" electrode on the right as indicated_ whereas, the reverse

of this occurs at the "cold" electrode. Consequent.Ij,electrons flu¢

through the silver wire and silver ions migrate through the melt, re-

sulting in an accu_tion of silver at the cold electrode.

It is not necessary in accordance with the basic definition given

above that the electrolyte used in a thermocell be a molten salt o For

ex_le_ aqueous solutions and some solids are also ionic conductors,

but, because of the limited temperature range of aqueous solutions and

the high electrical resistance of ionic solids, the efficiency of thermo-

cells using th_se as electrolytes is low. _sed salt thermocells show

greater promise for energy conversion because molten salts have a n_ch

lower electrical resistance than either of the other two ionic conductors o

In addition, with the melting points of the electrolytes often between

400 to IO00°C (see table II) and ¢ith liquid ranges at atmospheric pressure

of several hundred degrees, the molten-salt thermocell has potential,

if other factors are favorable, as a "topping" device _o extract electrical

energy from high temperature heat while exhausting the unused heat at a

lower temperature to • conventional generator.

Unlike semi-conductor thermocouples, the molten-salt thermocell

does not have the problem of deterioration at the hot Junction° On the

other hand, because of corrosive attack, it ie extremely difficult to
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find suitable containers for molten salts at high temperatures.

A. Thermoelectric Effects in Thermocells

The th_rmoceLl develops a voltage because the reversible potential

of a half cell reaction is a temperature _Anctlono This phenomenon is

expressed quantitatively by the following equation:

dE aS

_- _._ (i)

_'hereE is the ball-cell potential_ _S is the half-cell entropy change,

is the number of equivalents involved, and _ is Far.day's constant;

all in consistent unit_o The ch_n_e of voltage with temperature in equat-

ion (i) is; of course_ the Seebeck coefficient defined a_ _sualo From

equation (i), it can be shown that two identical electrodei_at different

temperatures when connected "back to back" through a co.on electro_vte

will generate a net voltagej and the unit will function as 1_heat er_gine.

Clearly, by the second _aw, the electrode reactions _st oc,_urin a direct-

ion such that heat is abaorbed at the hot electrode if power- is to be

produced.

There is no general rule governing the polarity of the electrodes_

that is_ whether the half cell reaction at the hot eiectrod_,involves

oxidation or reduction. This can be seen in table.I which shows the
b

change of voltage with temperature (Seebeck coefficients ) for a few

selected thermocellso According to these data_ the hot electrode in a

simple thermocell is generally ne_tlve for molten an_ soli,isalt systems.

On the other hand, the opposite is true for cells containing aqueous elect-

rolytes. No_e_ however, that there are exc._tio_s to this generalization

in both categories.

Of l_rtic_ar interest in table I is the la0rgevalue of the Seebeck

coeffici_at measux_ for the chlorine electrode in molten silver chloride.

Accorting to e_uation (1), this indicates a half cell ele_:trode reaction
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Table I

Seebeck Coefficients of Selected Thereocells

Seebeck Polarity

Electrode CoeffiCient of Hot
Electrol_te Reactant Ten_rature _ Electrode' Reference

Molten Salts

AgNO3 Ag 500°K 0.329 negative 2_

_cz _ 800 o._o3 " z_

AgBr Ag _0 0._8 " 2_

AgZ _ 8_0 0._3 " _

_i z zn 600 o.z3 _±tlve 2_

_cz c_ (b) zooo o._ negati_ 26

CuCl Cu 800 0._37 " 22

A_%Eeo_Solutions_onemolal(a)

H+ H2 (c) 2._°K 0.871 positive 3

Cl" C_ (b) " 0.389 negative 3

Zn++ Zn " 0.962 positive 3

Cu+ Cu " 0.813 " 3

Ag+ A_ " 0.129 negative 3

Solid Ionic Salts

AgCI Ag 500°K 1.20 negative 2_

A_ _ 5OO Z._ " 2_

CuCl Cu 50o 0.93 " 2_

Phi2 Pb 550 0.39 positive 2_

(a) Note that at infinite dilution in aqueous solutions t the counter ion.
has no influence on the entropy of the reacting ion. These values
were obtained at infinite dilution and &d_usted by calculation to the
one molul reference state.

(b) These data a_e for chlorine at. one atmosphere pressure reacting, on
graphite electrodes.

(c) This value is for the stan_ b_n electrode.
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havin8 a large entropy change. Fr_ the fo!lmrlng definition of the

entropy chanse for the chlorine electrode re_ction_

As° =Z/2s,z2• - Scz. (2)
it can be shown that the higher Seebeek coefficient for this cell results

from the relatively large entropy of gaseous chlori_e. It fo31o_s in gen-

eral that vhenever one of the reaction species is a gas_ its eontri_tion

to the Seebeck coefficient will be lar_.

Observe that the chlorine pressure was one atmosphere in the silver

chloride-chlorine thermncell discussed in table I. It was _ted that _he

0

gaseous entropy SCI° can _e increased even further by reduciag the chlorine

partial pressure° T_ns, vacuum operation or _ilution with an inert g_s

should in theory increase the See_eck coefficient of this electrode.

It is to De recognized that the ionic and electronic entropies of

equation (2) •re r_t simply the pLrtial molal entropies but are the

"tran6ported entropies". The transported entropy _ is defined as the sum

of S, the partial molal entropy, and S_, the "entropy of transfer". (The

nomenclature is that used by Pitzer(2__4)and some of the other authors

vriti_ in this field. ) The term S_ relates to the transfer of • charged

_rticle through • ten_erature gradient, and it will _e discusse_ in detail

in • later _+!on.

B. Efficiency"of _her_oeleetrie Devices

One of the most signific_nt factors influencin_ the value of • _ewlee

for energy conversion is the efficiency. The foll_._g equatio_ derived

in stan6ard texts(l__O 1_) for solid theraoeo=ples also applies to _lte_-nalt

the._ocelle with constant Seebe_k eoefflcienta and with no eonveetive he_t

transfer:

(_W " _C)( M- Z ).
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where

6 = maximum possi_ efficiency; defined as the _tio: of the
useful work pr_._ced to the heat supplied to the hot
J_mction.

TH = absolute temperature of the hot _-ction; OK.

TC = absolute teml_rature of the cold Junction_ OK,

and M is defined Dy the equation

.=[ H+ c)/2 + 1]i/2

The parameter z, generally used to characterize thermoelectric devices, is

known as the figure of merit and is define_ _ fo!lows:

z=

-,,dlel_

= Seebeck coefficient of the couple, d_IdT; volt/°C.

k = thermal condnctivity; Watt/cm °C.

e = electrical con_ctivity; ohm"I cm"I.

Subscripts 1 and 2 refer to the properties of the two separate legs of

the couple.

Yr_a these equations, it is a_nt that the actual efficiency is

the pro_nct of the Carnot efficiency and a factor il_volvingthe physical

properties of the generator components. Notice that the maxi_un efficiency

of the device a_proaches the Carnot limit as the figure of merit approaches

infinity. This is compatible with the definition of z since high figures

of merit characterize system_ with high Seebeck coefficients {high potential

per unit _ewperature difference)_ high electrical conductivities (low

ohmic loss in the conductors), and low therzal conductivities (low energy

degradation by the_m_l con_baction).

i! The efficiency calculated fr¢_ equation (_) is plotted versus temp-

erature with z as a parameter in figure _.
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C. Selection of Ex_.rimental S_._e_s

Sundheia(_9) estimated a maxlenn figure of merit for nolten-salt

i0"_. He pointed ou_, however, the problem ofther_ells o_ . .0 ×

transfer of the electrode reactant from one side of the cell to the other

which makes recycllng necessary. Since he apparently considered only

cells involving solid electrode reactants, his conclusion was that these

devices would be most useful in combination with a chemical process such

a_ FArification of the electrode material. Note, however, that use of

the chlorine electrode avoids the necessity of mechanical recirculation.

Also, as previously mentioned, the See_ck coefficient of this electrode

is u_suall_ high, and theoretical_, it can be increased even more l_y

redncing the chlorine partial pressure. For these reasons_ it was decided

to stu_ theruocells involvlng chlorine electrodes in seve,_l molten salts.

It is evident from _quationS(3), (4) and (_ _at the _Iten salt

,_ed in a thermocell should have a low thermal condnc_ivity and a high

electrical con&activity. _aese properties are listed for a few selected

molten salts in table II along with other properties of interest.

_wn tho_ thermal condnctivity data are _a_er scant and unreliable

for molten salts, the values shown indicate that this property does not

_._ slgnlgie_ntl_ from salt to salt. (For further discussiou of this_

see references 2_ _0 and _. ) For this reason, selection of the electro-

l_tee to be studie_ was _ade on the _asis of electrical condnctivity.

From table II_ it can _e seen that the molten chlorides as a group

have the highest electrical cond_ctivities of the salts listed except for

the fluori&es which, b_ause of their corrosive Dature, are impractical to

study at the present time. For this reason, four chloride salts were

chosen for study; the chlorides of lithium, sodlu_, potassium, and silver.

_e silver chlor__e melt h_d additional vt!ue as a reference since results

Were alx_a_ available on the silvex,chloride-ch.lori_e ther_cell in the
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Table l'I

Few Selected F_lten Salts
m, m,,

Theresa Con_etJ_ty Electri_ Co_tlTity
Molten Meltin6 Boiling at MeltS_ Point o_a cm-_ (b)

Salt .Point point _a__ At Meltin_ Point At 900_C

_F 87o°c 167o% 8.3 8._
.aF 98o 17oo _.1

880 15oo 3.7 3.8
LiCl 613 1393 9.7 7-O

NaCl 801 I_13 (O.0088) 3.1 3.8
_1 776 l_aO e.2 e.9

_r _9 _69 _.7
Na_ 749 1390 2.8 3-3

E,r 739 1380 1.6 2.0

LAI _69 _90 3.9

HaI 659 1300 2.2 2.9

723 i_o

RbCl 722 1390 1.9 a.o

RbI 6_7 1300 0.9

C_C1 6_9 1290 i.I 1.8

_2co3 _1 3.o
_c_ 5oI 9_o 1.3

KS% 33_ do _00 O.00_3

AeJo3 2!2 _._ o.oo_8 o.7
zac½ 262 732 o.oo31 o.1

173 d. 5oo o.ooe8

_E_,_ 1_7 O.0036

_s0_ alo o.oo3_
_o_ _8o o.oo46
A8Cl _.55 15oo &,3 9.1

A_Br _3_ a.7OO 3.0

_e_O3 307 d. 380 0.0056 O.9
WaO_ 318 1390 0.00_ 2.1

CuCI _ 1366 3.3
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It was hoped that the experl._entalresults mlght suggest modifications

which wo_Id increase the mexi_un fl,_treof merit for molten-salt thermo-

cells to a value higher than that estimated by Sundhe_,

D,. Rev_',v_of Past Ther_ee_,,.Research

The great majority of ra_t work has involved aqueous therm_ells.

East_n(_) initially derived the equations for these systems where thermal

diffusion of the solute ions can also affect cell voltage. More rece_ly,

Tyrrell(32), deGroot(ll) and others have ana._Tsedaqueous thermocells by

non-equilibrium thermodymmics. All past work is discussed exlm_tlve_7

in the reviews by deBethu_, st. al.(2j_).

Following the piC_eeri_g work of Poincare(25) in 1890_ the stud_

of molten-salt _ells lay dormmnt until the work of Holtanp et. al.

(___I__21)_ who studied a Duml_r of sys_ involving nol_en and sol_-sLlt

electrolytes. Since then, several other investi_tors have studied

• olten-s_lt thermoeells(2__8 _2__6 _). Most of these studies have involv_

the use of solid electrode reactants. Only recent_,7_ however, senderoff

and Bretz(26) reported results for the gaseous chlorine electrode in

• olten silver chlorlde_ and Detig and Archer(_) l_li_hed results for this

sa_e electrode in a_lten sodium chloride and molten potassium chloride.

Both investigations involved chlorine at one atmosphere pressure. _he

former Stud_ appears to have _een carefull_ done,,a:_,_for this reason,

the same system was investigated in thls work so that exper_ntal results

could be compared. On the other hand, the results reporSe_ by Detig

and Archer appear to be quite scattered, and for _w_sons discussed in

section _'II-B_ can be seriously questioned.. The author is not aware

of any further work involving gaseou_ electrode _ct_nts in molten-salt

ther_cells.

A possible weaknezs in some past studies is the questior_ble application

1 of the e_uations derived for aqueous systems to molten-salt cells, _Ivlng
I
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an expression depen_ut on the transfer_mce mmbe.rs of the ions in the

melt. Jichols and la_ford(_) and Senderoff and Bretz(26) recognized

this and formulated their result_ mccoy. Pttzer(_) in his treat-

ment of the subject also dif, cusse_ this question ae follows, ". ....e _l

it is apparent that the transference number drops out of the equation

for the pure salt cell. Xndeed a tm_ference num_r in a single cca-

ponent fused salt can onl_ be _eTined in an arbitrary manner," His

final statement is further substantiated by Van Artsdalen(_). The

theoretical approach followed in this thesis and outlined in section Ill

also yields a final expression for thermocel_ _olta_e independant of trans-

ference numbers.

E. Scope of_. 5R_Ls Work

The planned scope of this research encompassed two goals :

1. The execution of an experimental p_ in which the Seebeck

coefficients of the cblorine_n-_l_phite electrode would be de-

termined as a function of temperature and chlorine pressure in

several selecte_ molten salt electrolytes t and then, the fc_-

lation from these results of a ge_r_lized equation &pplicahle

to such systems.

2. The calculation of maxis_sa efficiencies which can be ¢_l_cted

fr_ those molten-salt thermocells studied and estim_tic_ of

efficle_ies for other fused-salt s_stems yet umwe_tu_Jd.

In fulfil_mnt of the first _oLl, open-circuit volts_es vere suc-

ces_fUl_ measured for the systems prol_eed over a temperature range

extendi_ from the meltlng point of the respective salt up to 1300°C_ 300°C

higher than previousl_ reported for az_ thermocell. These measurements _ere

made at, chlorine pressures of o_e atmosphere and at vartems lover pressures

lOT all syste_ e_ept lithium cb_oa_d_ which was sme_ntrea at one at-
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mosphere only. The_e d_t_ are reported in section VI. In sectio_ llI, a

theoretical equation is developed which exprecse8 the thermocell voltage

as a i_Anctionof the bal_-r_action sr_A_dardentropy c_e_ the electrode

temperatures, a_ the v_rtial pressure of the reacting species. This

equation is an _xtension of equation (i) to conditions where the gas

molec,Ales_becaA_seof dissociation or dilution by the salt vapor_ -_y have

different fugacities at the two electrodes. The effect of having reduced

chlorine pe_ial pressures at both electrodes d_e to vacuum operation is

also include_ in the expression, and the vol_e represented is an

integrated total voltage rather than the rate of change of voltage with

respect to temperature given by equation (i); the expression _ly

re_r_e_ in the literature. Th_ derived equation was compared with

experimental data_ and _he agreement is discussed in _ection VII.

The second interbredgoal_ that of calculating _s_ tb-.r_o_ell

efficiencies, was _o_plicated by the fact that the See_ eoeffielent

f_ under the_e experime_ta_ cn_itio_ was not a constant. Hence_

equation (_) which w_s derived assu_ constant _ no longer holds, and

a corrected equation becomes extremely complex d_e not ou_y to variation

of the Seebeck coe_flcient _t also the _ee_ to allow for factors such

as v_porization of the salt at the hot ¢lectrods into the gas stream

followed by conde_aticn in the return line. _owever, efficiencies

c_ still be est_-_ted, although the calculation is lengthy and te&ious.

Typical results of this calculation for the silver chloride-chlori_ cell

_re shown in section VII-E.

In order to estimate eff_clencies of cel_s _ich show promise for

energy conversion and yet a_e difficult to i_stig_te experi_entall_,

it is necessary to _ the transported entropy of the _i6rating ion.

This q_tity was ev_luate_ e_ri_e_l_7 for the chloride ic,_in the

four molten s_lt_ stu.died,, an_ in addition_ an effort was _de to _ti_te
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its probable m_tu@e in other melts of interest. This transported

entropy and its related quantities, the l_Lrtial_la! entropy _ entropy

of transfer ar_ discussed in section VII-B. Based on the conclusions

state_ there, the efficiencies of the hypothetical boron o_ide-oxygen and

lithium fluoride-fluorine ther_ocells _re estimated and are reported

in section VII-Eo
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III. THEORY

The purpose of this _ection is to provide a quantitativ? theoret_ al

tool for eveJuation of the open-circuit voltages which _re measured

experimentally by the author, Therefore, the first stage of the following

thermod_mamic derivation is specific to molten-salt ther_cells containing

chlorine electrodes, Foll_i_ the for_lation of this specific expression,

the ..-_su!ti_= ge_._a_!i_edto Inc!:_e all _m_ far molten-salt systems.

A. Description of.,,CellMo l

Figure 3 shows a schematic diagram of the chlorine cell. The "cold"

electrode is at an absolute ten_erature T, which is near the melting point
J.

of the salt. At this temperature, the vapor pressure of the malt and the

amount of chlorine dissociation (diatcmic to monotonic) are assu_e4 to

_e negligible. The temperature at the hot electrode, T3_ is high enoush

so that either dissociation of chlorine or salt vaporization or both

may occur in significant amounts. Zone i is designated as the cold elect°

rode compartment and is considered isothermal at TI. Zone 3_ the not elect-

rode compartment, is isothermal at T3. Zone 2 which includes both the melt

and the graphite conductor is the non-isothermal region connecting zones

I and 3. The ent_py change for the chlorine half cell reaction is such

that chloride ions migrate in the electrolyte from the cold to the not

side of zone 2, and electrons migrate through the _raphite conductor in the

opposite direction. Thus, the electrode reactions occur spontaneously as

written in the figure.

B.  en a na c Anal  sof CellMoael

The cell system chosen for ana_sis here contains the electrolyte,

the wire and the two el_ct.-odechambers. As shown in figure 3t chlorine

gas is permitted to cross the _undaries of this system.

Consider th_ passage of electricity through the cell in the direction
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Fl_re 3. Schematic representation of molten-salt thermocell with
chlorl-m (on graphite) electrodes.
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indicated in figure 3. It is assumed that this passage occurs 1_versibly,

meaning that the current is infinitesimal so that ohmic losses (12R losses

in the conductors ) and polarization eff_ are zeTo_ a_d tl_

the cell poten_Aal is equal to the open-circuit voltage. There is, of

course, _n IvTeversible phenomenon in this system due to the steady-state

conduction of beat from the heat reservoir at T3 to that at TI. It is

as_un_d, h_.e_._r,that .h_ reversible pheno____nacan _- ana!_z._dindepend-

antly of this effect as though the irreversibi!ity were not present. This

is equivalent to assuming that the cell is divided into small segments,

each isothermal but at a different temperature than its neighbor, and

each connected to an appropriate heat reservoir. MAtter can pass reversibly

fron segment to segment, but each is therma_ insulated from the other.

Heat can be conducted reversibly from each segment to its reservoir or

_tsa versa as required. (These are the same assumptions made by Thomson

(Lo14 Kelvin) in his formulation of the equations relating Peltier and

Thomson heats to the voltage of a thermoc, aple. His results were later

verified by experlment(lO).)

For the syst_ pictured in figure 3 and discussed above, the first

law can be written as follows:

wT=% - (6)
where

WT = total net work pro@_ced by the cell. This work is
obviously all electrical work.

QT = total net heat added to the system. As mentioned
a_ove, this is the reversible heat only and it does
not include that flowir_ in and out of the system
@ae to steady-state thermal conduction.

_ = difference in enthalpies between the chlorine leaving
and that entering the system.

It is possible further to separate the right side of equation (6) into

corresponding terms for each of the three cell zones as shown below:
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"T:%" _ + %- "_ + %" a_ (7)

where the subsc._lpts designate the _one to which the heat and enthalpy

terms aPP,7. Since the electrode processes of zones i and 3 occur revers-

ib].7and Isothermally3 Q1 ear,be equated to TIA81 where AS 1 is the entropy

change for the process oceurlng in zone i. By _he sasw._ree_oni_ Q3

can be equated to T3_S 3 where AS S is the entropy change for the process

occuri_ in zone o. With these sub.....tio_., _tion (7) can be_re-

written as follows :

w_:(_sj.-_) +% -_) +%as 3- _) _B)

_ow,by recognizingthat

_lasl- ,_ =-_FI (9)

and

_3,_s3-a_ =-a_,3 (lo)
eq_tlon (8)e._IDemoa_f1.edto

w_-_-a],j.-,,I,3+(%-_) (11)

where _ F1 and A F3 are the free energy cha_es for the electrode processes

oce_ in zones i and 3- For one equ/valent of ehlorl=e reacti_ _F 1

is defined by

where

FCI-,TI = partial mol_l free ener_ of chloride ion In
the melt at TI.

Fe = partial _o]a3. free ener_ of the electron i_

"g'Tl _phite at TI.

Fc_ = _xtia_mla_nee e_erg_ozc_rlneca,,'TI s_tits l_ial pressure in zone i and at the

i;e_peratureT1.

Likewise, one ,:.an write for AF 3 in zone 3

aF_.([_.__'c_,_+__'c_,_'_'.,_,_-_c_-,_) (_-_)
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where the partial molal free energies are for the indicated s_ci_s st.

a temperature T3. Note that equation (13) allows for dissociation of chlorine

as mentioned above. Since, however; thc_dissociation reaction

C_ _ 2 C1

is in equilibrium,

and equation (13) can be simplified to

_r3 _-( _2 fc_,_3 + ee,g,_3 Fc1.,e3) (i_)

For this analysis, the standard state for chloride ion is that in the

pure melt and for the electron, that in grsphlte. Hence, they exis_ in

the cell in their standard states. Them,

=
and (16)

Fc1",_i_ "cI-,_i

where F° designates the standard molal _'._,_ ener_-_ The standard state

of chlorine gas is d fined as the pure gab at one e+_ber_ pres_,n_,

and it is assumed that the fugacity is equal to the partial pre_sure.

Hence, the partial molal free energies of chlorine at the electrodes can

be expressed by

(I?)

= +
Impllea in these equations is the assumption that chlorine is an ideal

gs_--a reasonable assumption at fused-salt %emperatures and low pressures.

The substitution of equations(12), (19), ('6) and (!7) into (II)

i
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gives for the total work of the cell:

F°CI2 + "_l-T 3w,= ,%- + -<,.% ,,,.8,
._1.,,1,_2_I_ Pc_,%"I/__3_ pc_,,3,(% -_% )

and since

= f slO_ (19)o . FiO iT_Fi
'T1 'T3 Tl

equation (18) can be simpllf_ed further to

T3

w,= fl ,_/2s_ +_g -_Cl.)_ .I/2_1]_pc_,,I (20)

=.z,/2_3_ poz2,T3.(%- _._)
If the temperatur_ at the hot electro_ is high enough, the partial

pressure of C_ molecules is no loager equal to the total pressure be-

cause of dissociation to monatomic ahlori_e and also _ecause of dilution

by vaporized salt. Therefore, assuming that x moles of C_ (o_ a one

mole basis) _ts_oelate to form 2x moles of Of; leaving (l-x) moles of

C12; the equilibrium expression (Pc_ " _1/Ks) can be vrtt_en in term
of x as follows :

":""h--' --(Z--_'),___('r/_ (21)t_.'. =

where K is the equilibriua conBtant 1,o.,. dissociation and 77' is the total

pressure of the mixed _ and C1 (._. minus the vapor pressure of the

_t). ,_uat:on (2l) can_, _ to
1 1

[(_ )+ I n

where n e_n be evaluated from _eusle_ta, =aMi_ it poss:J.ble to calcu._te

the pressure of ¢l.at,(=to ehlori_ from the _terlal _elanee ,equation below:

_c_" ({-_)_'" ",.-z'"'"'-_' (=_)
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Note that equation (23) vould apply at the cold electrode also if

the diatcaic chlorine were appreciably dissociated or diluted by the salt

I

vapor. In this case, however_ n and _ _ld be evaluated at T1. At

the values of T1 used in thiB thesis, salt vapor pressures and chlorine

dissociation were negligible, thus_ n was large and 0' was insignilicantly

different from _ making the chlorine pressure at the cold electrode

equal to _.

Combining the four preceding equations, we nov have
m

W, _S _ + ]/2 I_I_I_" - I/2 RT31n[{n'l_J= ]

+ (% -

where _S is the short-hand notation for the entropy change of the half

o

cell reaction, i.e. _2 SOl2 + ge_g " SOl" "

To clarify the significance of the _erm (Q2 " £_), consider the

system in figure 3 comprisi_ the non-isothermal electrol_. By the

first law,

%r "%_.- " '_aCl" + eel' + _.E. (2_;,

where _1" is the net heat added &ari_ the passage of one equivalent

of chloride lons, WCI. is the work p_rformed, and _i- is the enthalpy

change° The potential difference due to a thermostatic field is _ ,

H is Arab's mamber, • Is the electronic charge and K.E. represents

kinetic energy effects. It is obvious fr_ the description of the system

that no york crosses the boundaries. Likewise, the average velocity of

the enteriag ions is the sam as tbmt of those lemving, hence, K.E. is

zero. It is tnterestiz_o to note that the potential energy term Ne

void. _ zero if the _at_ ion carried no charge, making (_ - AH$)

se_. On the other band, when the _pecles carries an electrical charge,

q - _H does not neeesaari_ vanish, and there say be a voltage contribution
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due to the non-isothermal transfer of charge through an el_ctrostatic

field. It should be observed that this contribution cannot, at the

present time, be m_asured in isolation.

In accordance with past work in tni_ area, equation (25) will be

rewritten as follows :

Qcl-" _r =,,eV=-_i3s_. _ (_'6)

where S_l. is the entropy of transfer of chloride ion in the molten elect-

r_lyte. The quantity S_may be positive, negative or zero. (In sec%_on

III-F_ two alternate approaches are di-cussed which attempt to interpret

the significance of the entropy of transfer,)

By an ar_nnnen_ similar to +_'.t used above, an equation analog_As to (26)

can be written for the migration of an electron through the nou-_isother_l

graphite wirer Combining this with equation (26) _lel_

iS - s_.) _ (_)%- _% = (s_,s

This equation substituted into (2k) gives the following useful expression

for the thermocell voltage:

E _[ 3S0 _T + 1/2 RT]In_ I/2 RT31n ( n-1 ,= - [_-y]_)] (28)

where _S ° is equal to AS as defined in equation (2_) plus the entropies

of transfer of equation (27), i.e.,

o +
_s°._2Sel2 _,.,_" _cl"

The transported entropy _, as mentioned before, is the sum (_ + S_). The

relationsb__pbetween reversible work and voltage (W = MNE) was also used

Ln the legit st,_,,

.c,....._Is of _uatlon (_)

_uatlon (28) will _ be discussed ter_ by term. As mntioned
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&l_re, the quantity under the integra! sign is the standard state entropy

change (including entropies o_ transfer) for the half cell reaction written

for the direction in which it proceed_ spontane_ls]y at the hot electrode.

In s_cordance with the second law of the__cs, it is always positve.

The second term is a correction accounting for chlorine partial pressures

at the cold electrode dil_erent from one atmosphere. The third term of

e_.i_., (_o8)shows the !n._iuenceof chlorine p_rtlal pressures differing

from unity at the hot electrode. Dilution of the diatoDic chlorine by

dissociation and by the presence of salt vapor is accounted for in this

term. It should also be observed that the third _erm is always larger

than the second under reduced pressure conditions. Thus, at pressures

less than one atmosphere_ the el_fect of terms two and three Is to increase

the voltage. Note that equation (28) simplifies to

T3
1 j" (_sO. 1/2R_r) _ (_)

E =_T I

if T3 is so low that chlorine dissociation and the ve;por pressure o_ the

salt are insignificant both at the hot and the cold electrodes. The term

_2 R in_ is, of course, the standard ideal-gas entropy correction re-

o

_. quired to adjust the chlorine entropy, _2 SC1 ° to pressures different
g_

from one atmosphere. At a chloxine pressure of One atmosphere, equation

(29) re_ces to an expression of the form reported in the literature(_,2__ 22):

1 o

+ e,g"  cl') (30)

D. For_tlo n .of. a Gene_Iize_ EX_-esslon,, for Ther_ocell Voltage__

By s proce_Inx_ s_£ogov.= to that u_ed in arr_:_i_ at eq_a_lon (28),

_e generalised eqvatto_,_ (31) can be dert_ved:

•
M_ezo A8 ° is +,_ s_..et_te entropy cbm_ge for _ ba3,f.eel], re_tton
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and KT are the activity
written as it occurs at the hot electrode, and _I 3

r_tios for this reaction ew_luated at T1 and T3. For example, if the hot

electrode reaction is

Cl" 1/2 +o"
then

[OCI 211/2 [a e ]

where the a's represent the actual activities of the respective species

at the electrode temperatuze Ti. Clearly, _e and aCl . are both equal to

unlty and aCl2 is equal to the partial pressure of chlorine. With these

substitutions, equation (31) reduces to (_) as originally derived.

Observe also that the reaction involving the aonotomic species occurs

in the chlorine system as shown _elov:

Of" _ CI + e"

It can bs demonstr_te_ by algebraic manipulation of the_c identities

that equation (31) written for this half cell reaction also reduces to

equation (28). Note that equa'_ion (31) is r_t limited to cells with gas

electrodes but applies in ar_ c_se where t1_e activities of the reacting

species are kno_. For example, the activity ratio KTt for a reaction

involving pure _olid electrodes is unity and the last two termb in equation (31)

vanish. Thusp the equation again re_ces to the coa_ol y used form:

_S °---- (33)

EL" Dincua_i°n Of Ionic _pie, _ Molten Salts

Notice that it is not possible to calculate a ___ the voltage

to be exTected from a given cel_. Even though it is true that the last

two terms of equation (28) can be calculated from chlorine iisso_i&tion

constants and vapor pressure data reported iI._the literature, the first

tern involves quantities about which little is known. As prevlousl7
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mentlone,_, AS ° for the chlorine thermocells is defined as

_S° I/2 S°
= Cl2 + _e,g " Sol"

where the entropy of chlorine gas at one atmosphere SCI2 is well known

_nd _ b_-_ntabulated for a number of different temperatures(8). The

transported entropy of the electron in graphite can al_o be evaluated

(see Appendlx, section C where it is estimated to be approximately 0°2 e.u.)_

On the other hand, ths comp]ieated ionic stractu_e of the liquid electro=

_vte makes _h,_qu_nt!tatlve estimatlon of SC!- difficult.

_ _ is equal to the stunof the partialAs defined previously, oCl.

loial entropy and the entropy of transfer neither of which can be calculated

with cor_idence_ Recently, however, Pitzer(2_) proposed a me_hod for the

• calculation of the partial molal entropy of ions iu simple i-I molten

saltso His expression is based on tbe assumption that the pa1_ition

functions for both th_ cations and the anions in a pure melt w_ll be

approximately the same except for the mass contribution to tra_.Alational

entropy° This is expected to be true so !ong as the ions are not greatly

different in size. Based on the mass correction term, 3/2 R In M_MI, he

proposed the following for the partial mola] entropy of the positive ion

_n a nu_ melt_

where

' SM+ = p_rtial moiP.ientropy of the positJ-Je ion.

- SMX = ent:_py of the r_uremolten salt.

_, R = _he gas co_ _mat°

M74 = m_lecular weight of the positxve ion°

MX = molecular weight,of the negative ion_

By dlff_ren_e_ the corresponding expression for the anion entropy is

' +
F_u_tlons (3_) and (35)_if valid at all, should hold t,ue for at least
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j_

chloride systems where the cations and anions are nearly the _me ,i _,

The partial molal entropies were calculated from equatlcn (3_) for

chloride ions in the four pure melts studied. These were compared wlth

the experimentally determinea 5ransported entropies for the same species.

This comparison and its significance _re discussed in section VII.

F. Interpretation of the Ent_x)pyof Transfer

' In the pa6t, the contribution to th_ cell volta_ _-^-•_.,thc migration

of charged particles through non-isothermal conductors has often be_n

treated by the methods of non-equilibrium thermodynamics(32,11,____). For

example, following the treatment of Denbigh(ha), the equations relating

the fluxes of heat and electricity to their driving forces can be written

as follows for ion transfer in a molten electrolyte:

Ji = Lii Xi + Liq Xq (36)

Jq = Lqi Xq + Lqq Xq (37)

where

Ji = net flow of electrical current t',roug._the system.
J = net flow of heat through the system.
q

Xi = drivi,_ force for current flow.
X = driving force for heat flow.
q

Lii = coefficient relating current flux to current driving
force.

L = coefficient relati_'gheat f_-uxto heat driv_rg force.
qq

Liq = coefficient relating current flux to heat driving force.

Li = coefficient relating heat flux to current driving force.

It is to be noted that an equation similar to equation (36) applies

for each migrmtlng species _n th? electrolyte. But, the chloride ion is

the o_10'species which migrates in the systems s_adied, and since elect-

rical -utrality requires that there be no net transfer of the cation,

Ji applies to the transfer of current through the molten electrolyte as

a result of chlori0e ion migration only. Under these conditions, tDe

p ....
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forces can be defined _s

ldT

where _Cl o is the partial _lal free energy (chemical potential) cf the

chloride ion, _T/dy is the derivative of tes_emtur_ with respect to the

•irectionof mi_ion y, N is ava_dro's numberpe is the electronic

charge,and d_/_ is the derivativeof el_ctricalpotentialwith respect

to y. (For furtherdetails, see Denbigh,_ge 61.)

Si_ce there is a temperature_ent in the electrolyte,the der-

ivative of chemicalpotentialwith respect to y _u be rewrittenas

shown below for a pure molten salt at constant pressare:

_c_ (, (_)"-0-- - Y_-"

This is changedfurtherby the su_ltution of

_c__%1" - "_cl- (_1)
into equation (_) to ylela the _si_a

" "_c_-_ (_)--g-

A_o, fr@m (41), it can be seen that

_CI" %1"
-- _Cm - -- O3)" T = " T

: Su_'_:_'_lon o_ (43)aaa(_)_n_ (39)_.e,_ _ oA_'_us_on0,-iv_

.: f_A_e:

_t,on_ (36),aa07)no"_e_,
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= _SaaT
jq ._(_ci"aT a_ L.. T _ Noa--9-)- T _ (46)

Now, it is convenient to define a quantity QCl o called the energy

of %rs_nsportwhich is the total energy flow Jq divided by the ion diffusion

flux at verc tempersture Eradient, i.e.

J

Qcl" = (_)Xq= 0 (_7)

With the prop_.rsubstitutions from equations (45) and (46) at dT/dy = O,

i
(47)b_comes

_i (_)
, QCI" = Li_£

Now, consider the cell whlch has a the.finalgradient as ctuu_;nt

approaches zero. In this came, Ji becomes zero aud equation (_) con

be rearranged to give the following expression for the gradlent of elect-

ylcal potential in the electrolyte:

_W I Rot" n
'I_ii

Then_ by using the Onsager reciprocal relationship Llq = I-qi, th_ energy

of transport can be substituted from (_8) into I_9) to giw:

whicn can be further simplified to

QCI"
a,_= -N_.--_-aT (51)

where QC_I. I_ termed the heat of transport of the ion. Since the ratio

QCI_ has the units_of entropy, equation (51) is often written

a_ = - NL_aT (52)

where SCI. is the entropy of transfer of the chloride ion.

F4umtion (92) is also that @er£we_ by Tyrrel/(_) where d_ is In-

, terpreted to 'be_he contribution to the. open-circuit thermocell potential

which results frmm the %transfer of the iota thaw_h a thermal gradient. One
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of the problems of this derivation is the absence of a physical meaning

for _ Sinc_ this quantity does relate to a real physical process,"_CI'"

it was felt that another approe_h might be more satisfying. For this

re_son_ the following derivation _s propoeed which relates the entropy

of transfer to the entropy of actlvation of the ion species. This derivation

uses a thermostatic _pproach and s_sumes that tl_ reversible heat effect in

this non-equillbrium system ce_1be _reated independently of the irreversible

thermal con_ctlon effect. This was the same a_h used by Thceson

in _is analysis of the thermecouple. (For further dlscussion_ see de Groat(n),

c pter8.)

Suppose as a model for the ruination of charge _ consider the tx_ns-

fer of the chloride ion from one location in a _ melt to another lo_tion

which is higher in temperature by the differential amount dT. One possible

p_th_ abc_ is shown in figure _ where the double-dagger superscript refers

• . c to the ion in its act-

•  +aT.... ' = (Cl-)T+aT
ivated state.

For step a_ the heat
b d

effect for reversible

activation can be written

.,T- (cI
4.

Figure 4. Diagram sbowlng possible
ion migration p_th.

A similar _s_ion holds

for step c.

Qc = (_ + a_)(_Cl" " SC;I')T+ a_ (_)

Fin_, for step b, the heat associated with the migration of the activ-

ate_ ion through a thermal gradient can be written as shown in equation (_9):

To evalumte the point function dH, the alternate l_th d can be
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taken:

_d = %,CI" _ (96)

and now, all of these terms can be rammed to give the expression:

¢

i_Qi- _a T (sc_I. Sol.)T (T aT)(_cl.Scl'_" = " + + " ")"T+dT

+ (C_,cl. - Cp,Cl.) dT (97)

By recognizing that

:_ " )T+aT S_CI.)T $ dT(Scl- Scl" ¼PL(58)o . : (Cp,cl.Cp,cl-)_-

equstion (97) can be further simplified to the following:

C

-- '_ - S_cl.)aT (99)l___a_Qi - dHd (oCl-

Note carefully that this result depends on the path chosen to evaluate

the heat terms. If the path d had been chosen instead of abc, then

_Qd is equal to dHa and the left si_e of equation (99) is zero. It is

logical to suspect that the ion activation does not actually occur iso-

thermally, but in a thermal gradieht so that the real path is somewhere

between the extremes of path abe and that of d. In this case, the right

side of equation (97) must be multiplied by a factor (designated by _)

which is less than unity, It seems reasomable that most of the ion _igratlon

will occur in the activated state and the actual l_th will be Si'a_r to

path abe of figure _ when the r_n-mlgrating ion is relAtivel_ large.

In this _:se, _ will approach unity. On the other hand, if the _eutral

ion is smell, tb_. path shottld more cI06e_V resemble d in figure _, and

will be morm_mearly equal to zero. At amy rste, equation (59) can be

modified to equation (60) belc_ by the inmlusion of % u a maltiplAer:

It is apparent that this equation repreuenta the e_tribution to the

totml work of the cell arisimg fr_ migration of %_e ehlorlde ion

the temperaturedifference_T. B_ _c_parlsonwith the thermoeell_is
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of Tyrrell (reference _ l_ge 60)_ it can _e seen that th_ quantity

i (_Q - dH) in _luation (60) is the same as d_ in equation (_), Thus_

the right side of equation (60) can be equated to the right side of equation

(52) to give the following expression relating the entropy of transfer to

the.. entropy of activation:

ci- _ _ (scl- _ _cl -) (61)

vhere_ as mentioned above_ _ can _e a_ _ between one and zero°

l,
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IV. APPARATUS

With the exception of the work of Poincare_ all molten-salt thermocell

work known to this author has been done in U-type apparatus. Polncare (2__)

u6ed a saucer-llke dish which was not a_enable to careful temperature control.

In the U-type apparatus, the te,_perature of each leg of the tube is control-

led separately either Irlsubmerging the whole apparatus in a high tempera°

' ture bath and electrically heating one leg independently (2_88),by insulat-

ing and heatiDg each leg independently (___ _ 2), or by placi_ the cell in-

side a ,'_,ffle furnace having an imposed temperature gradient (22). _ause

of the corrosive nature of the melts to be studied here and the desir_ to oper-

&re under reduced pressure, it was decided to design a different type of cell.

First, it l_d to be of simple geometric form in order to utilize some of the

refractory uaterials which cannot be easily or inexpensively formed into coa-

plex shaleS. Second, the salt container had to be removable fr_ the

furnace so that container replacement would not be too difficult, and third,

the cell had to have two temperature zones capable of careful control.

A. The Cell

Wi_h these criteria in mind, the cell shown in figure _ and _escribed

in more detail in section A of the Appendix was conceived. _ The outside

containing tube, 2-1/4" O°D. x 2" I°Do and 2_" long was closed at one end.

Inside this was another tube i.,_8" O.D. x 7/8 " I,D, x 2_" long open at

_th ends, The smaller tube was secured with a combination "teflon" plug-

"viton" O-ring fltting so that it hung about two inches above the floor of

the larger tube. Electrodes, ther_couplee, and vent _ubes secured by the

sue fitting were also placed in the cell. The unit when assembled wu

_Nota _ In a eonver_ton with R. I. Bets of, Lkl.on C_rhide Corporation,
the author was told that _ b_.used, a s_A_lar _eel_n to stu_ an
alkali chide e_tectl¢ t_ermoce_. The oonvereatton _ plaoe in,,

A_I, l_3, F_er _ are unknown.
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Cl a from feed lines

graphite electrodes

_)e thermoco_ples

_to OOL, to vent

cell tube; rater
cell tube ;
inner

top plateS furnace shell
(translte) transite)

"hot _ sone olectrodo

and t_m_o_
=_t" Zone

p_r I_put _ h_gh
temper._ture controller

furnace wtnd_ngs
(Kanthal A-I electrical reslsta_e

heating wire)

r_ to_ _._IChlorlde el_ctro_rtesteel tfe steel tie rod

secure end plates

Dq •

power £n--_-_f_ "Oold" zone

low temperature con- electrode and
troller the rmocouple

furnace annulus and

apace below tube filled
wlth alumina bt_bie
Insulatlon

refractory alumina furnace core

j ..................... . .....
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tight and pried to be @ntirel_ s_tisfactory for operation under H_derate

va_te_.

_. _'_ Furore

The >_£_:_ c_ _ "_. :. _s _laced in an upright tube _e _-_nd wi_

F_nthal _ _ _.s_ance heating _Areo _e f_r_ce windi_ _ done eo as to

form two zones _z,'J.c'_could be heated i_lepez_le_zt3_.Ther_eo_ples l_ated

in each fUrn,,,ee _,_ne supplied the control input to _ separate _,rber-

Col_n ir_licating _,ontrol!ers_, ___ich in turn regulated the sl._icon control

rectifiers suppl_ pover to the furmace.

When t_e cell _s placed in the furnace, the bottcn of tae i_er tube

was opposite the cen_er of one _e zone. A gral_ite electrode and & ther_-

c_aple were lo_ted inside the i_er tube in eont_t with the molten _t at

this point. Similarly an electrode and thermoecuple were placed in the annn-

fun betveen Che tubes at an elewation &ppr_tel_ six inches higher_ _ust

opposite the e_coud heati_ zone. Then, by varyim_ the settings on the l_ver

i_pat co_trollers, _t van _ssible to vary the individual temperatures of the

electrodes and _ir surroundings.

, c.__.:_t_

The eleetr_L_ _ere eonstr_ct_,d of gx_phite rod (National Carbon

AOSX) and sheathed with _ "vycor" tubtn_ so that only a s_ll "_mtton"

//8" _h_ek_r _/16" _. v_ expoeea to the _elt. m_a _ _reventea f_

ri_i_g in the _ between the electrode and its sheath _ a _

of ehlori_ _ this space. The chlorine _hbsequeht_v b_bb_ed to the

w_-f_e and le_t the eoeq_r_enta via the vent system. _he chlorine (Mathe_en

9_._ per cent Irate) eo_l._ d.lre_,13r f"row the cylinder thro_ a redm¢in_ valve

paue4 thr_ a glau drying columa _eked vLth a_ magnesium perchlor-

ate. It then _l_mte_ into t_ strafe e_ l_sed through teflon needle
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valves and flow meters to the electrodes,

D.

The thermoco,:_.ples used were made from pure platilmm and 90 per cent

platinum- 10 per cent rhodium wires. They were calibrated with a National

Bar_u of Standards calibrated thermocouple and were found to deviate less

than a _egree fr_ the standard tables.

E. Reduced Pressure S_stem

For operation _t _tNospheric pressure, the gas from the external

vent _y_tma vas e_pe_.led at the ho_ outlet. For reduced pressure operation,

the ext_ gases vere throttled through a teflon nee_1_ valve before passing

to the va_er aspirator, With this setup, steady press_zes of lees than 0.1

amosl_er_ vere obtaine_.

Y. Container Natertale and Melt Purificatic
_- ....... J- ,,

Reports of previews investigators (1__) in&teated severe corrosion cf

f_sed silica by the a/kalt ehlortd_ mlts. It vas thought that these salts

card the lcM temperature reversion of the thermally unstable

g_ss state _o the crysta_]_!ne form of quartz (devitrification occurs natur-

ally at a neasurabl9 rate in the absence of a eatal_t at tenperatures in ex-

cess of abou, 1200°C). With this tnforna_ton i. :find, the experimental unit

was _esl_ed to aeeom>_ate a variety of different refractory tu_ee. At first,

the tu_es _ed were of "N_lltte"_ m_mfaetured by NcDanel Refractory Procelain

Compaz_. They velw satisfactory for about one veek's operation, but for long-

er tlues the stress 4he to therual gradients _ed by the fro-zone z_r_a_e

cause4 leakage in the o_er tube. (Thls laterSal vas entirely satisfactory,

hoverer, for the inside tube. ) .qcI_nel "Ztreo', Z_O tu_es vere al_o tried

vtth the mine results.

! In order to overcome the probleu of ther_l erw_k_ng, _14illca
I I

_u eoaJtdaze_ beosm_ of ,t8 ex_eedlng_ low coefficient of thernsl expan-
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siun. The results of other workers (_) using this material indicated i_at the

corrosion problem nay have resulted from impurities present. Water is es-

_ecially troublesome. Not only is it difficult to exclude moisture fro_ these

salts, but upon melting, the corrosive .hydroxyl ion is formed bM th_ fo!lo_-

i_g reaction betveen water and chloride icns

+ ci- ---- OH"+

In this work, it was found that corrosion of silica was minimal if

i_e salt was pure. In fact, the silica container survived for more than

thirty days at a t i_e at temperature, up to 13OO° ¢' and when examined showed

o_y minimal devitrification on the surface which contacted the melt. At

first, the purification metho_ _ecc_e_ed by Eaitimen, Fc_guson, and Oster°

young (166) was tried_ bat the method proposed by M_ricls and E_e _,_/)) of

_bblir_ chlorine throu_ the fused salt was also found to be satisfactoz_j

and _ _,ch eerier. Even tilth _aricl_ and Eh_e did not predict good re-

sults with salts other than the low melting lithium ohlol_Ideopotassi._nchlor-

ide eutectic, it _as found in the c_e of each salt studied here that tube

attank was negligible when chlorzne _as _'_ed _hrca_ the melt for 12 hours

at a temperature _ust slightly alcove_he _!ti_ point.
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v. OPerAtinG

The following discussion expJ_t_s the experimental procedure used

In these lnvestt_tions_ it wa_ essentially the s_ee for each of the four

melts studied.

A. Felt Prep6ratton

T_e required amount (an emount equivalent to about 23 cu. in. of

fused salt ) of reagent grade metal chloride was pla_ed in the outer cell

tub_ and vacuum driod _r several days to remove as much excess moisture as

possible. It was heated gradually to the melti_ point under vacutm over

the period of a day and was then melted, also under vacuum. Chlori_ was

ilwd_tely ad_tted to the cell and bubbled through the molten sal_ for

12 hom_. Bext, the i_Ide tube_ electrod_ thermocouples t and "cent

tubea were m_ared. _1o_ with the external vent e_mtei were fastene_

and the difference in height between the ilk in the insi_, _f the small tube

and that in the _ was adhered by the CCI_ level in +_ external bubbler

(See uct_m A-_ of _b_ Appendix). Thls completed the cell prepsz_t_on.

B. 01_ervatlon _.

To __e a st_le d_ta point_ the low t_perature control unit

wae _t so as to _n this _ of the _e at a temperature Just a-

bove t_ m£t_ _ of the salt, and the t_perature of the other furnace

s_e was incre_ed by stel_ of about 20°C, When the cell voltage became

stm_d_ f_ each temperature ebm_, the thermocouple e.m.f.'s and the

e_.f. registered between the electro/_es were recorded. Thermoco_ple e,.a,f, :s

were read wit_ a _abicon c_t_logue no. 2731 potentio_eter to a prectsio,l of

IoC. _he open-ci_uit cell vo!ta_e was read with a Sergeant Model MR r_._ord_r

to a precision of 0,i mlXli'eolts. _ recorder _ms standardized periodically

s_l check_ with the pote_ti_et_. Open circuit cell voXtages were plotted ver
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the aeasured _T'e yleldlr_ a re:ryesuch as that shown in Fi_re 6. The

maxlmm _T obtainableby this cell was about i_0 to _CO°C because of con-

_etlon of hest from the hot to the colS zone through the melt. In other

words, with a AT of this magnitude,all oT the pover supplied to the fi_rnaee

came through the hlgh temperature contr_ unit, and an), further Increase in

this control temperatu_ served only to raise both the hot and the cold elec-

trode temperatureswithout increasing AT appreclabl_. Therefore, after the

f_rmt stx_ng of ;_u_s were ma_ to a AT of 150 to 200°C, the cold electro_

te_rature vas raised about IO0°C_ the hot electrodedx_ t¢ _he same

temperature,and another string of runs _ by he_ti_ the hot electrode in

_O°C steps until £T _ a_ain 150 _ 200°C. By this method, a m_ber of

curves slailarto flgure 6 were o_tained,each corresponaingto a different

cold 3uncticatexture, _t "overlapping"by about 50°C.

C. ReSeed PressureRuns

When n_surements over the c_plete _mperature range fr_ _u_t

a'oovethe._elting point to about 130000were _ at ataos_beri¢pressure,

the _ was repeated at v_ous _e_eee of vacua. ReSeed In, sure

vu affected by expell_ the ¢hlorlne fro: the gas exit system through a

rater aspirator. Excellent pressure control vas obtained by thrc_tli_ the

electrode feed streams and the gas to the aspirator through teflon needle

valves. For vacuum data, the cell pressurewas initiall_reduced to a -5

inches of mercury and hel_ there for a ser_es of runs covering the tempera-

ture range from the melting point up t_ nearl_ 1300°C. Then the pressure

re&aee_ to a -I0 inches of meretu_ and the proce_re repeated. This was

done in turn for pressuresof -15_ -20_ -25, and in two sytens_ -27 inches

o_ _ercury. Pressures _re determined to within +_ 0.1 inch of mz.c_ry

a vacmsa _age _ in the vent line fr_ the sold electrode. The _e was

c_rated vith& mercury _onc_eter. Vaeut_ _ wer_ converted to ab_o-
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lute pressures by subtracting the vacuum reading from the prevailing atmospher-

ic pressure and then correctin_ for the sn_ll pressure difference _tween the

hot and the cold ci_bcrs of the cell. These corrections were relatively small

ex2el_ at the lowest pressures. At low pressuree_ the maximum cell temperature

wsa less than 1300°C owing to the softening of the quartz which occurs at

high temperatures.

D. Dilution of Chlorine Feed Gas

It was considered desirable to measure the effect of diluting the

chlorine feed to the electrodes with an inert gas. In thl8 case, pm_ _r-

@on and chlorine were throttled thro'_h slmilar flow meters at variable

rates. After passing through the flov meters, the two gases entered a single

line_ passed through a drying colmen, entered the sel_rate electrode feed

lines_ passed through needle valves and then through f!ow meters to the

t_ctr_.._.ow rates in terI_ of moles per ai_te of the pure gas were

calculated from equations recr_ended by the meter _nafacturer.

E. Cell Behavior
JJ i

The voltage r_.d/ngs were general_y stea_7 to within �0.imilli-

volts when the gas feed rate to the electrode was held in the range of 2

x 10 ,'_ gram moles/ rain (a flows_er reading of a_out 3 at atmospheric prezs-

ure). Higher flow rotes tended to _ too _,ch convective xLxl_ at the

electrodes which prod,,eede.m.f, flnett_tions correa._ondl_ to the tempera-

ture fluetu_tions of these disturt_nces. Otherwise, large c'aa1_es in flow

m_e _ not influence cell voltage. In general_ the cell _eh_wlor was

excellent. Disturbance8 in cell voltage were usually traceable to teul_r-

a_nu_ f2net_stlons caused by high electrode-gas flow rates or by vent li_e

_triet$ons r_ultin_ from condensed _alt "_st" carried out of th_ cell

by the _. When these flaws were corrected, the system,- became stable and

voltage fl_ctuations dLs_ppeared.
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Vl. _ULT3

The first step in treating the experimental :_sults was to forEula'ce

rhea in a series of grcpns similar to fi_ire 7 which shows raw data for

the silver cblori_e-chlorlne cell at one atmosphere pressure° Here_

the measured voltage in _&llivolts is pl6tted versus the temperature dif-

ference between electro_s indicated by the thermocouples. Each curve

represents an experinental run dui-i_ which the cold electrode was held

stea_y at a given tennjeraturelevel whole the temperature of the hot elect-

rode was increased s tepwise. For each cell system, this process was re-

peated at one atmosphere pressure until adequate data were obtained

coveri_ the temperature span from Just above the salt melting point to

1300°C. Then, the cell pressure was reduced and the entire temperature

span explored a_/_in. This was repeated for a number of pressures from

one atnoephere to less than a tenth of an atmosphere. The procedure was

the same for ,/_h of the separate cells inveetigated except for the one

containi_ lithium chloride which _ studied at one atmosphere pressure

only.

Msas,Are_entsof cell voltage were occasionally repeated under identical

conditions to see if there w_e any drift of e.m.f, with time. l_ta taken

on occ/_ions differing by several weeks were in excellent agree_nt.

ID_c%rodes _mze also cha_ed from time to time with no notlce_ble effect

on '/_eresults. The voltage versus AT curves were also found to be the

u m whether the hot electrode teEperature was increased or decreased

ro long as the total ._ressureand the col4 electrode tewperature ramined

unchen_ed.

As shown in figure 7, each curve does not go through the crigln am

expected but show8 a resi_l voltage at zero £T. Sundbmln and Rosen-

s_releh(_ o_ee.'-_ slntlar beb'LVtO_ in _hel_ cell. Se_1_l possible

rue_onJ for _Ats d_ser_y exiet, a_d _ are _iseussed in d_tail in
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the &_pendix, section IX-E, which drals with experimental e;_ors. On

i
t the haste of strong evidence supplied there; it is concluded that the

restdnsl dLld not vary with AT. Thus, it can be 8ubtrscted from each data

point thereby forotng th_ _arve8 on the raw data plots to l_SS through

ths origin. With this correction, these curves can then be su_riwpoled

by the method explained in subsection B below.

B. Form_ation 9f the Final Voltage Versus Temperature 0raphs

It can be seen from e_*_tion (28) that E for a given cell system is

a st_e-valu¢_d function of temperature and p_essure once a reference

te_erature had been 8electeA° .There:ro,t_, it was thov_at desirable to

for_dAte a chart for each cell s_tem shorl_ voltage e_ et function

of these variables over the enttre regtonn of te_erature and pr-qsure

exple_d. However, since the largest _T obtainable in the exp_._ental

I aelA was less than 200Oc, it _ __ tO combine the resul_ from
runs in order to obtain such a chart.

_o illustrste,let us consider the _llver c_oride-_hlorlne the_el.T.

The referencetemperaturechosen for th_s system was _O0°C. The raw deta

points for the run in which the cold electrodewas at this te_pereture

were first co_-e_tedfor the residual voltage. They are representedby

the circlesin figure8. (Cell pressure was one atmosphere.) Next, the

voltages observedwith a cold electrodeat _°C and a cell pressure

of one atmosphere were corrected for the resl&_al. These were then

eAded to the e.m.t, observed &art_ the prewAous run which _orresponded

to a hot electrode temperature of _°C. _ e_le, the voltage of the

cell Va_ 9_.9 av when :l;he hot el_taw_ _ .at 800°C aa_ the e_ld elect-

rode v#s st (_°C, The voltage of a ltylx)thettoal cell having a hot elect-

rode at 800°C end a rei_e,_e electro_ at _O°C is therefore equal to

• ,ra or m '.o3.0m, (,L'tchoorrss to 6°0) or m.

_. _hts etep van repes*_L for every point i_ each set of mw data to give
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total volte4_ versus i_e_ture curve shown in figure 9. The entire

cycle w&s repeated for e_h ceil pressure, _ud these results are also

shown in figure 9. Similar curves deserl_in_ the volt_es of thermocells

contalnir_ other melts ar_ given as figures i0 (potassium chloride),

ii (sodium chlorAde) and 12 (lithium chloride), These figures include

reduced lwessure data for all systeB except the lithi_a chloride-chlorine

cell which was stu,_,_.._ at one ataosphere only.

The method of superimposing curves discussed above c_n _e Justlfied

by lookiz_ at equation (31). If we write for the voltage betwee?_electrodes

at T1 an_ T2,

%
,_a for _-3 _t_,ee. T2 an=_3'

T3

%

then _-3' the voltage for a reference electrode at T1 and a hot electric

at T3, is eleaa'_r the su_

I_ is e_itte_ that the method of curve aun_tion discussed in this

_eti_ nay lead to an ac_tion of ._ error_ but this d_sadv_nta_

is f_r m_twei6he_ by _he conNnien_ of a to_l voltage versu_ _e_rature

Calcula_ of the _eaetion Entropy

_n order t_ evaluated the ___ in the system _adied_

_T

_h$8 _ &_ao by caleul_t_W_ the lUt two terms of the equ_tion _ sub-

tmetl.g _e_ fre_ the experlu_ voltage g. Tee resultant value, the

is 8hoen dotted line in figures 9
late_d r_etlon enter &
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through 12, The detailed calculation is discussed In _he Append/x; section

IX-B.

D, Dilution of Electrode Feed Gas

A few runs were lade _ _h feed _s _%_..s of chlorine ana argon.

_aese _ta were all taken with the silver chloride melt at a t_zpez_tture

level where c_h!orinedissociationand melt _ipor pressure arm "2t_.-_ant.

resull;8 axe _lzed in Table M bel,:m.

Table llI

su_az7 of _ta oza_a_e4wi_!atze_ _o_-arzon
!

, Feed Gas and Mol'_en., Silver _lalor_de,Electrol_te

, Average TeEpera_mre: 700°C
Total Cell Free,sure: i a_.

Flow Bites Partial Pressure Seebeck Co_fflclenti (_z../.._) o_c_ao_, (,,,,,/c)
i _ _ (a__/ __n_;Z ___

o.1_9 o.lo_ o._ o.68_ 0.688

o.o87 o°1_ o.3_z 0.7o8 o.7zl

0.060 0.155 0.278 0.730 0.720

0.0_ 0.191 0.010 0.799 0.885

The calnul_ted Seebeck cce.ffictents in tlwj tabZe were deter_ed

fr_ the differential of equation (28)Which is

dE 1

(_)p " 3 (_s° "_ h,Pc_) (6_

where _ZS° was determined from the s_pe of the volta_ _er_us temperature

cux_ for the thermocell at 700°C usl_ _re chlorine at o_e atmoephere

pr_8_e °

S_beek coeff$cten_s measured while using a diluted chlorine feed

are _n _oa _ent _th those eaZae_t_d tr_ equstton (65) e_ept for

the _m at h_h _lut.ion _Leh were te_en with the chlorine flow _etar

¢ _z'_,t;[z_ in a _uestA_ble cal_ba_tton xtUZKe. Am existed, th_ show
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that a_ttion of a d_luent has tJ_ same effect a_ a reduction in the

chlorine partial In_ssLure brought at_ut by another _th_, _1_ that

of l_eri_ total l_Ss_re.

E_    tlon,unaer Load

In designing a ther_oceLt for energy conversion, it is necessary to

know the volt, age not only at open cir@utt _lt also '_th current passing

through the cell. E_en though it was not intende_, to make a detailed

s_u_y jf these voltage-curreht characteristics, .ome prelin_inary data

were t_aken. They are shown in figure 1_, where voltage is plotted versus

current for several cell pressures and at co_Jtant electrode temperatures.

The _ta were obtained using the potassium chloride-chlorine thermocell at

an average temperature of 979°C. The results were normalized by the ad-

dition or subtraction of a corr_._tion t_7._ to each data point in order to

give the same open-circuit voltage for each pressure condition (this

involved only a small correction since all of the open-circuit voltages

differed by only a few mtllivolts from that shown),

The initial slope of the voltage versus current line of figure 13 is

'.r_esumab]y due to the electrlce.1 resistance of the melt (the slope cor-

responds to a resistance of 1.3 ohms which is logical for the geometry

of the system). At higher currents, a change in the slope of the line

is eviden_ in_/-cating a """rely inc.'_asing ovmrpotential. Since this over-

voltage is independev:t of chlori_e partial pressure for all but one run_

it appears to be an activation over-potential. At a chlorine pressure of

0.33 atmosphere_, the electrode suddenly becomes concentration contr¢lled

indicating that polarization is due to a diffusion process. In all cases

except at the lowest chlorine, pressure_ the extent of polarization is small

compa-._d to the ohmic loases_ Based on the findings of _r_ulescu, et. al.(l_),

who report no polarization at all for the chlorine discharge reaction in

_ _se system at _urrent densities of up to 2 aazm/sQ, era. _ it aDpears
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-t_t the polm-lzation observed here occurs entirely at the low temperature

• Since this _ of the thesis invest_tion yea explor_tory_ any

_ further evaluation of electrode mec_ is considered beyond the ]J_ts

i of this s_,4_.
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vn. Dn_sIoN oF __

A. Comi_risqn of Equation (_) vith ,Exl_ri=ental Data

It is not possible to predict the voltage of a In_:_xmedtheruocell

froa equation (28) alone ov'i_ 1;o the unkz_r_ _tude of its firs_

fez,,,, J'3_so _. As e_,ted _c'eviouuDl_r, aS° is definedby the foLln_ng
"1

equation

= s% + o,g -
0

The term SC1_ is, of cc_se, the entropy of diatoE'_c chlorine at the

one atmospherereferencestate. Its magnitude is tabulttedin the liter-

ature for the temperatures of _erest(8). T_ansportod entropies of the

electronare also available from lite_sturedata (see the Appendix,section

C). On t3_ other handt there is no accepted :ethod for _alculatiag_Cl"

bet this tera can one7 be found fro= experlmntal _ell msam_nmnts

theaselves.

_ven_ t_ =s_u_ of the entr_ ta_ is_, eaus_tgn(28)

can be used to calculate the effects of total pressure,vapor pressure,

and dissociationon cell voltage. For example_ it is possiblewlth the aid

of availablephysicaland ther_c _ta to cLlculate the last two

_antltles in e_uatlon (28), and by subtracti_ _ese _uantities

the experinentali7a_asured cell voltage, the entropy term can be de-

_:_dmd. _ea, ,/a_e _3_0 _ t, 7mmsblTvaAn, lu_neea_pzessure(except_aen _ io_ are pre_ent -see su_eetion F), the sue value

of the integ_ted entropy c_n be 'aJe_a_in a_t a_An to calculatevcl_es

which eorrespon_ to other cell pr_smu.es. That the vol_es _t.ea

by this teehnique agree vith those Issured is shown in figures 1_

16 vhe.-ethe polate,taken dlreet_7 from ftga_s 9 through 11, represent

exPeriunteA _ta a_l the solid _ releuent the ee_lxmlate_, _So

A 4etsile4 diseusslonof the cal_lo_ le gl_en in the Appendix, see_i_
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First, the last two terms of equation (28)were evaluatedat a

selectedcell presmlre and at each of severslhot electrode*_aperatures

fTOm vapor pressure and dissociationdata available in the llterattLt_(1)_8_)27).

_-,co_l_ these c_!culated quantities were subtracted fr_ the corresponding

_w_eri_ntal voltages, yielding _3 _S O dT at several different te_eratures
T.

(shown by the _otted lines in thel_res). The=_ voltages at different

cell pressuresan_ te_r_tr_8 w_.re___!c,,____te__irect!y from equation (2_)

usln@ the _ value of _3A S° dT. As mentionedabove, these calculated
A

resultsare cc_paredwith experimentald_ta in figuresi_ through16 (there

_s no such cc_on for the llthlumchlorlde-chlorlneey_tel since

d_ were availableat only one pressure in thls case). Insl_tion shows

t_t the theoretical curves are in excellent agree_nt with the ex_n_-laental

points. In faet_ an_ deviations of the points from the curve_ are _ht

to be within _perieental error, (l_te that discr_anctes at very low

cell prenures can be attrit_ted to slight u_eer_.les in the yreuure

measurements. Drifti_ of the points frc_ the curves at high temperatures

is In_b_V _ne to roll errors accunnlating _ the syathesisof the

experlaeatalcurves _ _v data.)

B. Conei_e1_ationOf Ionic Entropiesin Molten Sai_.

As dAscuase_earlier, the trmnsportedentropy _Cl- is the sum of two

term, the l_ial _olal entropy _CI" anl the entropyof transfer

_eit_r of these Taantitiescan be calculatedvith co,_fideace.Recently,

Pita_r(2_ I_ a _asi_theoretie&l e_uation f?om vhleh g in simple

I-:I. _Iten m_Ite can presmmbl7 be calcul_1;ed. So far, ho_,_ver_no ex-

pe_'_entaltechniquehas been f_u_ for _b_ainin_ S as an isolated quant-

ity. _ce_ PAtzer's equation ce_unot be confirmed by experiment.

_ma t_ _s°, a_eto t_e _w_rt_ty _ Scr , @ann_t_ _al.-

ulated_t_eetl_,it Islatereetlagta_comparean estimatedAS°vlt_
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that measured experimentally. For this purpose, table IV w_s prepared.

In the table, _S ° which was taken from the slopes of the dotted curves

in f_res 9 through 12 is compared with ,_S', the calculated entn_py

ch_n6e. The procedure for determinln_ _S' (described in detail in

the Appendix, °section C) was _s follo_ :

The partial _lai entropy of the ion was calculated from Pitzer's

equation (see equation (35), section llI) usi_ the data of Kelly(l_)

for the entropy of the Ix_remolten salt. The entropy of chlorirm at o_

atmosphere pressure was taken from Evans, et. al.(8), and the transported

entr_ of the electron in graphlte was estin_ted from the work of Temkin

and Khoroshin as reported by Tyrrell(_2). _S' thus determined is the

entrolrJof chlorine gas plus that of the electron mlnu. the partial

molal entropy ,_fthe chloride ion and does not include th_ entropy of

_fer of the chloride ion S_ .. Therefore, the estimated value of

SCI._is equal to the differer_e between AS' and _S °. All of these quant-

..o aS' S _ .ities; _ _ , and CI are tab_ulatedin table _@

Observe thnt the resultant values of S_I . for the c_ioride
ions in

the alkali _hlorides are almost zero while the same _ntity in _ilver

chlcri_ is a_pr_ximately -3._ e.u. (The last figur_ com_es with

-3o_ e°uo as e_timat_d by Senderoff and Bretz(26) by this technique

an_ fcr the same _'_em. ) All of these values appear _o support the

1_othesls expressed in equation (61) that the absolute value of the entropy

of ra_nsfer should be less than the entropy of activation_. It &l_e_rs_

Note: Activation entropies esti_ate_ f_ c_z_lucti_ty measurements by

Van Artsdalen and Yaffe(_) are ab_mt -6 to "7 e.u. for the
_hlorldeso Sen_eroff a_ _etz estimated a value nearer unity for
silver chloride. Note, however, that a_tivvtion ,mtropies calculated

i_ con_ctiv_ity measurements are not strictly applicable since con-
_etton in the latte_ measurements is by both ion species rather +_an
just the chloride ion as is the case _th the molten salt thermo_ell.
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Table IV

Compaz_tlve_bulatlonof &S', £S°and 8_"

ror____kheCmo_ _ _n _io___a-
(For a more co---pl6te%_mLlatlonof
Intermedd_tequantities,see table
VIII in se-_tton C of the Appendix. )

A6CI 927Cc 11.95 19.6 -3.69

" 627 11.93 19.46 -3.93

" 727 !1.19 14.78 -3.63

NaCI 927°C i0.T8 11.O8 -0•30

" i0_7 10.50 10.83 -0.33

" he? ].0.25 lO.9O -0.25

" _r lO.OO 9._ o._

KCl Ye7°C I0.97 10.96 -0.39

" Joe7 lO.29 Io.83 -0.9g

" _ lO.O4 Io.o3 o.ol

" 1227 9.80 9-70 O.i0

LiCl 827 12.15 12.98 -o._3
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at first, that t_e absolute ns_nttu_e of the el_ropy of trsnsfer is s_ll

for theruocell systems where the woving ion is larger than or of approxi-

aste_y the same size as the "stationary" ion; "_he alkali chlorides for

exa_le. Yt might a_-_ear, in addition, that the entropy of transfer is

more near_v e_ual to the activation entropy when the stationary ion is

la_e; take for exa_le the migrating chlo;-+Ldeion in molten silver

cblorlde. In this latter case, it ca_ be fwgu_d that the moving ion is

in the activated state during the n Jot pe_t of each migration _mp,

similar to path abc of figure _. Hence, there is a large entropy of trans-

fer. B_ wheu the statlo_ ion is re.'Jtivelyshall, it can be reasoned

that on_ a _ amount of' the total _gration process occurs _ith the

ion in the activated state, and the path is similar +o path d in figure _.

Consequent_v, the heat abeorbed by the ndgrating ion is nearly equal to

its entbalpy change and the difference, which is related to _e entropy

of transfer is smBll (see e_uation (26)).

On the other hand, it could be argued that Pitzer's equation, equation (35),

does not hold for molten silver chloride where the difference in ion sizes

is extreae and where other forces r_t included by Pitzer my be stgnigieant.

It is helpful in this connection to cite some l_St _rk which was done

usiDg silver electrodes in molten silver ehloride(26_d copper electrodes

in.molten cuperous ehlortde(_). UGi_ Pitzer's equation t_ c_Iculate

the l_rtlaX _lal entropies of the slXver and copper lon_ it is found

f_ the data cited that the _esulti_ entropy of transfer f_r silver

ion is 3._ e.u. and that for cupero_s ion, 3.6 e.u. Obvlo_sly, these

values are both relatlve_y larKe, sod f_trther,_.h are _or systems where

the ni_rati_ _on is considerably larger than the stationary ion. Hence,

these reeults do not agree with the supposed variance of S_with the size

of the sta_ionazy ion es discussed previously. On the other hsnd_ if a

eorrec_ion of _._ e._. is added to the uartlal _olal entropy of silver ion
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as calculated frown Pitzer'B equations the resulting entropy of transfer

of this ion is zero. Then, a consequent cox_ction of the sane negritude

but of opposite sign applied to the I_rtial molal entropy of chloride ion

in silver chloride changes the entropy of transfer of this ion frca -3.7 e.u.

to -0.3 e.u. This value is similar to those f,_Andfor the three _Ikali

chlorides •

C. _ualitative Discussion of the Experimental Data

A close look at figures 9 through 12 reveals two effect8 which have

not been mentioned in the worm of previous investigators o These are

first, a noticeable increase in the slopes of _ of the constant pres-

sure curves at high te_r_tures and second, a slightly decreaslD_ slope

with texpersture at the low tezper_ture end_ of the isoi_rle curves. The

latter effect is particularl_ noticeable for the silver chloride-chlorine

ce_1 (voltages.shown in figure 9) at low temperature conditions and also

for the dotted lines in figures 9 through 12 which represent the integr_t-

e_ entropy term f AS _S ° dT of equation (28).

T1

The first effect, the increasing slope or Seebeck coefficient at

high te_ratu_es and low pressures can _ attributed to the inflt,_n_eof

high molten salt vapor pressures and chlorine dissociation which occur at

these condition_. These factors were considered in the deri,_ti_._of equation

(28) and _ quantitative agreement of the experimental reeult_ _ith this

equation is discussed in section A. Previc, as investi_tore usi_ gas

electrodes wor_ed at tewperatures and preesures correspond.i_ to the

lower l_rt of figure 9 where curvature _e to d_ lution of chlorine is not

apparent. (Of eo_rse_ for systems involving soli_ electrode re, rants;

vapor pressure has r_ influence on cell voltage and no d_sociation of

reaction l_tner8 occurs to affect the voltage. ) This explains why the

phenomenon o_served here at high te_pe_res and low pressures was not
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reported previously.

The second effsct, a decreasing fieebeckcoefficient vith temperature

especlaiAy _ticeable in the lover portion of figure 9 and also seen

in the dotted lines of figures 9 thro_ 12, is experi_ental evi&ence that

_S ° varies si_ificant_y vith texture.

It is _11 km=en fr_ b_ie _¢s thn-t the _ion entropy

AS; is equal to that at a reference temp-c_M_e &t & giveu te=perature

erature _S;^ plus the expression
v

T _C

where _Cp is the eba_e in the specific he_t (products ndn_ z.ee_'tan'l_s)

for the reaetlon 4ei_ AS °. For th_ cell of in_eest here, _Cp is

aCp= _2 %,0_ +Cp,e,g ""p,cl- (67)

Since the speei_£c _ts of _ and the electron are avaAlable

from standard redes, _Cp san b_ _ted if the specific heat of

chlori&e ion is known. The latter quantity san be estimated by combining

the definition of specific he_t:

Cp,Cl"

_rlthPitzer's expression, equation (3_), for the pLrtia_ _ entropy

of the chloride ion. _ rem_tJ_g _ t, given telov as e_atto_ _).

Cp,cl.. _ - _2 cp,_l (69)

Nov, as an exa_O_e, consider the silver ohloride-_hloriae system.

At 10000¢, the speeitte best of silve_ Ùblort_ is 16.0(__), that of

ehlorlneIs 9.0(___,&udthatof the eleetroa i_ _r_phite is appr_tel_v

0.2_. _erefom, ve o_--i_ for aCp t_ value of -3-3 e.u. ealeulate_
_h_'_-Xobe: _ m_ &p_te_ _ e_rs _b_eva_ws for the ele_troa

_n p_t_a aa_ _n copperaetm_ae_ _rm e_ion, on _sse71 of _-re_(_
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as follows:

= _ + 0.2
16.o

ACp - _ = -3-3

As _ _e; aCp is eq_l to (_S°/_)p, ,=_n_= equatlon (sS),

ACp is further _ltm2 to (d_dT2)p or is the second derivatiwe of the

voltageversus te_ra_-e curve. Obvlously, it is difficultto obtain

_ea___-o_,__-!_.Lti,m with p_islcm f,_m %lw _t_wl curves.

Nevertheless, the approxin_te experimental veAue of -3.0 +-0.9 e.u.

obtained fro,. the silver chloride-chlorineresults at lO00°C is in a_-

ment wlth the value -3-3 e.u. calculatedabove. Similaragreementvas

focal for the other thr_ molten-salt system.

D. Cc_azilon with _he Workof Other Investi_mtozs

Prior to this work, Sezderoffand Bx_s_z(26)studied the silver

ehlorlde-chlorlnethernoeellat terperaturesranging _ &T_ to 900°C.

Their work _ms the first rel_ for molten-saltther_oeellsusing the

chlorine electro_, and thi_ author derivedma_ helpful ideas there-

from.

In their published resultf_ they plotted E versus _T at w_im

base tenper_turtsand noted no significantchange in the slope with

temperature. Since their data points were not given except in & small

_reph, it is diffleultto check the r_sultseloae_y. Hoeever, it &l_

that the limits of y,a_ci_ionin the_ cell may h_ve l=_ve_ them

oteerviz_ the _ of ,_S° with t_er_t_e discussed abowe. At e_ rote,

, tbmr were able to _ • _tralght llme through their points with & slope

of 0._ + O.OL_)_v/°C. 7,. eoa_rison, the See_.M coefficient at one

atmosphereIn_nre m_v_ed in this stud_ m fc_m_ to vary with te_p-

, tu e (m 9) at o°c to .,/°c =: 9oo°c

:rAelAtWan average waue of o.6')) ,,v/°C in _ _reemnt _lth the ree_t

of _ aad Rretz. Of e_a-N,, at the _ te_pe_ture of 9_°C
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i achieved in their vork_ dilution of chlorine by salt vapor and dissociated

_ was no_ sui_ici_t to affect cell voltage. Such effects were not o_-

serve_ in our s_u_ of the same system until a temperatureof lO00°C

had been x_ached.

_Ing the l_st yee_/jDetig and Archer(_) reported Seebeck coefficients

f_ two of the _rB_eells studiedhere; sodivm chloride-c_ and

potasgi_ chloride-ehlorlne. _ measured E for a constant _T of

_s_t 2_C at various texture levels. Their measurc_ Seet_k coef-

(o. 5 the =v/°c

_- the p_siua _ cell) a_r_e scmew_t with the valmm of

e_ O._7'j for both eells as found here. _eve_, they estimate8

error _f up to 8 per cent_ and if there were a_ residualvoltages in their

cell, a consistent_ is introdnce_which cannot be detected fro_ their

data. _bey mention the _rlatiea of vo_tag_with the dilution of ehlnrlne

in their eeXl but are unable to expl_tn the phem_e_ _hey aXso use a

Ws_stlo_ e_n for t_ _eeb_ek e_elent _ni©h is _ on

tre_si_rencemabers. On the basis of these facts, the valldAty of their

r_sults is questioned.

So far as the matho_ knmm, no other _rk has been dorm for the specific

system studied here.

_....._e _taa;Salt .Yae...r_ee_L fo_ _aer_ C,_erston

_ _X"Al_llcatlm

There a mmber of factors influencing the possAbl_ appX_catlon of

fuse_-salt thex_oee_Ll_ _o "t,M_"_elee_J_ e_erg)- conversion. Not

met t_ _esl effi_iez_v be r_son_b_v high, but r_lattve

conveetlvehut troffer rest be avoided. To preven_ the _tter , t_ cell

should not be sqb_eet _,'ovibration _ or_r _As_x'bs_ee. These consider-

atlon_, PlUS the mk_Iti_ e_pli_tl_ of auxi!IL-yeq_i_nt neeee_ary

for cc_'oX of _ @as pr_sure _t that an_ p_teal use of

1964010733-088



80

thermocells is limited to large p_ver Inst_llation. On the other hand,

these cells have the positiv_ advantage of functioni_ vlth no _vi_

parts which pex_ts operstion at higher temperatures than wmld be pos-

sible ot_e.

A possible t_el! design for energy conversion is shown in

figure 17 where oa_7 = single unit is sMswn. To ._nimize _tlation

the hot to the cold end of the cell and also, to minimize convection,

the electrolyte is contained in a natrix such as a poro_ insoluble

refractory. Al_tive/_, the electrolyte could be nixed vlth s re-

fractory p_ to name a Imste. To fence redial h_t losses, it would

be necessary tc place a mmber of the cell units together in a bank as

illustrsted in figure 18. ,'Theconf_tlon and number of cells shown

is arbitr_ and is given o_ for purposes of illustrstion. ) AddAtlo_

electrical enerKy could be e:Mrsete4 by conventio:ml lov-temperature

f_m the b_t given off at the exterior of the _snk.

_he actual ef1_clency of s _Iten-salt ther_ocell of _ desi_

i n such a pover _neratiaK bank would close_ approach _hst derived f_ a

cell having :_ internal convection or radiation and no extraneous heat

Iosses °

2. Ideal CW!I Efficiency

5_e calculatloa of an Idesl efficiency for the type of thermocell

InvestiKated h_re Is ccm_lleated by two factors. 7irst, the ass_ion

of a constant See_eck coel_Acte_t used in the deriwation of the efflelenc_

expression,euson (3), notwO..d, Second, highteaperstures,

w_t v_.pori_Lon absorbs _ _a_nttties of he&_ _hich is subse_l_

tre_sferred Izx_vex_Ibl_ to the eel4 _an_tlo_. _,e ccmp//eatloa_ Bake

the task of 4erlvlng a simple exaet eT_tion far the el_Aeleney of sueh

s cell f_i_le. Ro_wer, it is poeslble to in_e some reuon_ble

0733089
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simplifiLationsp permitting overall cell efficiency to be estimated.

In the first place, the thermoelectric effect in the solid conductor

connecting the electrodes is negligible in comparison to t_t of the elect-

rolyte. Mkewise_ the ratio of thermal to electrical conductivity for the

solid is l_ss than five per cent of that same ratio for the melt. _'nus,

the effect of heat degradation by conduction an._ohmic loss can be closely

appr__d _ consi_enn_ the melt _ione. '....................

_e c_s_pl_ated b_ the addition of a second thin--ell in which the charge

flows in the opposite direction from that considered, thus replaclug the

sol_d conductor, but for purposes of simplification, this will not be

considered ._r.) It la asstuzed,in addition, that optia_m efficiencies

for thersocells, as is the case for other therloelectr_c devices, are

obtained when the external load has a resistance appr_tely equal to

the cell lnte_Ll resistance, i.e_ the c¢Ii output voltage is one half

of the theoretical. (It is implied here that the inter_l cell i_nce

is _ain3_ _ the electrir_l resistance of the electrol_ _ rather than

electrode polari_ation; see section _-E.)

Base_ on the ab_e simplifications, eff_Aencies have been estimated

for ceils operating at assigned electrode teNpera_res. These calculations

are dis_,ssed in the Appendix, section D. Final results are listed in

table V.

In general, it can be seen from the resul_ that t_ efficiencies in-

crease _ith an increase in t_e hot-electrode ts_rature as a consequence

of the higher Carnot efficiency. They also increase with a reduction in

_otal pressure dne to the pressure effec_ on cell voltage. No_e, hoverer,

for the si_er chloride sy_te_ that _Ae tread rever_es at a te_n2era_Are of

1300°_ and O._.Oatmospheres pressure. Thi_ behavior is characteristic of

all _oltan-salt system and results fro_ the subst_tial quantity,of salt
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Table V
I

Estimated Efficiencles for Several Thermocells

at Various Temperatures and Pressures

Silver Chlorlde-Ch]orine Thermocell Ibase temp_ _OO_°C)

Pressure Te__erature
_9oo°c Y-ooo°c noo°c

i.O00 atm 2.2 per cent 3.2 per cent 3,6 per cent

0.631 2.4 3.3 3_8

o.29o 2.7 3,8 4,25 ,
(e.8× lo"_)

• 4._
0.120 (9 72X910"4)(a) (3-3 × I0"_') _

i .000 4.1 P .7

0.70 4,3

0.40 4.9 (2.6 × 10-4)

0.20 4.3

BoronOx_ae-O:<e_en_e_mocenIb_ete_-21%)
1800%

1,00 3.7

o.go 3.9

0.20 4.29 (1.46 × I0"_)

Lithium Fluorlde-Fluorine Thermocell (_basetem_._8_7°Cl

1.00 i0.5

o.5o ll.4(1.86× lo _3)

o._o 8.9

(a) The number in p_renthes_s indicates the figure of merit of a solid-state

thermoelectric generator having the saz'2efficiency.
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vaporized at the hot el_trode with its consequent de_tion of heat.

Bore that high vapor pressure of itsel_ is not _ serious liJitation; _ut

rather, high w_por pressure coupled with the extremely high heats of wa]xn'-

ization cbax_terist_c of moXten salts (about _ to 50 _/_ole). At

higher te_tu_es, the reve_ becomesmore pronounced, yieldingagain

for the silver chloride sTate_ an efficiencyof only 2.7 per cent at one

atsnspb_s pressure an_ a t_pezat_ze of 1_7°0; 20% bel_ the bollA_

point. Thus, it al_ that the highest efficiencyobt_i_ble for t_LiS

_ell is in the vicinit-jof 5 per cent and occurs _dth a ho_-elect-

rode _ture of about 1300°C and a total cell p_,_.s_ of &boat 0._

&tnc_pheres. I_cause of their higher ValX_rpressuresand lover Seebeck

eoef1_Iclen_, the other cells studied experb_ntally (lithiumchloride--

eh]_rine,sodiwa chlori_e-chlorinean_ potassiumchlor_Oe-ehl_) have

even _ ei_icienclasand ope_ teml_rstures.

In an _ to explnre the feasi_Alityof other systems,efficiencies

emti_ for _ h_.h_Ae_, e_l.l_ by _r_ Pitzer's e_tio_ to

bOld sad by asm_ tl_ ent_es of t_sasfer to he zero. _e results

of these es_t_ _ shown also in table V. The boron _xids-c_

thernocell_ss eon_i_ed becs_u_ of t_ span and &teoluts temparatureof

its epe_atlu__gi_. B_t, its _ienc7 Iz low, o_ to a aeerwse 4n

the nn_ter of snles of _as reacted per eleetnon transferred. On the

other hand, the lithiumflnorld_-f_ne cell appears to have poaslble

efflciene.ieehigher than i0 per eent, an _ due _ainl_ to a

e_ e_vitT. O_ _ourse, the _ l_tical li_itatio_on

this system is the _ivenes_ of _ eleetrol_te.

_ i_lhili_ of the nolten-_It t_ell as an electrieal

', _sno_t.cm"Is c_s_;_r_t_u_,by the _ application. T_e esieu]ati_s

menti_ &tore 8h@_ that effle_eneyis dsiS_aite_ya limitation_tuloas
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there exists a l_ticular app]_!c_ion where a thermocell could feasibly

_t e_y, as _ topping _._rlce, _ high temperature heat and

still exhaus_ this he_t at the _axi_nn temperatu_ tclerate_ by conven_-

i_ en_ conversion systems. Tentatively, it apes t_t even in

this application the cells studied _A_eri_entally in this work are l_te_

by high vspor _ressures to a relatively low efficiency range. One fact_r

a _efinite _dvanta_e at high textures. Another asset in CC_l_son

with solAd-etate _ is the a_ence of deter_tion and aging at

_er_t_es. On the other ha_d, the ther_ocell system which appears

to have _ost _, the lithiu_ fluorlde-fluorine cell, is severely

by t_ lack of _terials of construction suitable to contAi_ the

melt.

F. Discussion o_ the Complex CI_ Ion

_n th_ _i_ti_n of e_tion (28), it _s assumed that the aetAve

ion is CI', t_e _oa_ chloride ion. It has been suggested to the

author _hat t_ complex ion CI3 _y also _e present. Soee_er, th_ d_ta

show no evidence of thin ion _ei_ present in a upr.*ciable concentrations.

The low ter_ratur_ data for the silver chlori_e-chlori_e cell are very

helpful in _e_nstratlng this si_ce dissociation and Val_r pres_

effects are _8'llglble for thi¢ system up to IO00°C. _r these conditions,

e_atton (_) sl_p_es to

+} (%- (70)%

If C_ _ere _u active species, the ent_x_y ¢_ of e_tion (70)
would, involve that of the ruction

+."
whic_ is t_e sun of the _i_n
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C1" _ 1/2 C½ + e" (72)

s_ the reaction

cl_---,-c_.-+c_ ('r3)

Since the entropy change for reaction (7_) _ undoubte_d!yp_sitive_ that

for reaction (71) will be gremter than that for (_). Howe_er, the con-

centrmtion of _A_ is pressure sensitive, and if reaction (71) occurred

to an appreciable extent_ its influence _ould change with pressure causing

a &ecrease in dS ° _ith reseed pressure. In other words, the first term

of equation (70) vm_ld be _ressure sensitive, Assuming a _S ° for ree_tion

(73) of about 30 e.u., it is estimste_ frmm the P_perimental results that,

if present at all_ the C_ c__c_emtratl_a in the four melts studied does

not excee_ one mole per cent,
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VII/. CONCLUSIONS AND RECO_'_:DATIONS

A. C_nclu_ions

!® Equstlon (28) accullatelydoscrlbes the contributions of total pressure,

salt vapor pressure and dissociation to cell _olta_e for the four the_mo_-

cells stud_ed. T_ere is no reasun to doubt that equations slrnllarto (28)

will apply to other thermoeells not included in thls study.

e. Due to Izmreasln6 Seebeck coefficients, thermocell efflclencles were

found to ir_ve with deersaslng Intbssureuntil the total pressure ap-

proached the salt vapor pressure. At this point, efficiencies became

less with decreasing pressuA_ due to the Increasing importance of the

irreversible heat r_ulred to vaporlze %n_ salt

3. The mLximum estimated overall efficiency of say of the systems studied

was 4.9 per cent. This ie that of the silver chloride-chlorime thermocell

at a cold electrode temperature of .500°C, a hot electrode temperature of

1300°C, and a total pressure of O.4 ae_nospheres. Of all conceivable

molten-salt thermoc¢l_, the lithium fluoridz-fluorine cell appears to n_ve

_ighe_ efficienciee. The -_-,m estimated for this system is ii._ per

cent.

4. Actual transported entropies were found to be near_y equal to the

partial moial entries calculated from Pitzer's equation for tha ah_ri@e

ions in molten lithium chloride, sodium chloride, and potassium chloride.

In the silver chloride mmlt, the transported entropy of chloride ion was

found to be less by 3.7 e.u. than thinpartial molal entropy _J_lar_

ca/_ted_ Due to the unknown magnitude of th_ entropy of transfer,

it is not pouible to cc_n_nt on the validity of Pit_er's equation.

5. The s_ half cell reaetion ent_ _8 ° was found to vary with

tempezmt,re f_r all systems. The variation eorrespende_ to a _ Cp fez
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the half cell reaction of approximately -3.0 e.u.

i 6. Reducing the chlorine partial pressure by the addition of an inert

gas proved to have the same quantitative effect as re@Acing the total pressur

when operating with pure chlorine.

7_ It is estimated from experimental data that the tri-chloride ion CI_

does not exist in anj of the melts studied in concentrations greater than

on-_m_,leper cent.

B. Recommendations

i. Fused salt thermal conductivities _ uncertain. Hence_ cai_u_te._

ceil efficiencles are only approximate. It is reco_nded that an ex-

perimental program be instituted for the measurement of this property.

i 2. If, on the basis of present information, the thermocell appears
feasible for energy conversion, studies of actual efficiency s_uld

be carried out on a small sca_e using a calorimetric technique.

3. In the event that suitable container n_terials become available,

the lithium fluoride-fluoriue thermocell should be studied experimentally.

?
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IX. APPENDIX
, Jl ii

A. Appara%us

i. Cell Configuration

A scale d._wir_ of the cell _ _,UTcunding furnace f- -h_.n in figure 5,

section IV. The outer cell confiner consisted of a 2-_" O.D._ 2" I.D.

refractory tube 2_ inches long and closed at one end. (Fused silica tubes

fabricated by Syncor Products Co., MBlden, M_ssachusetts were used for most

of the i,._vestigations°) Suspended inside was another 1-1/8" 0.D. × 7/8" I_D,

open-en_ tube also 2_" long. These tubes were secured at the top by a

"teflon" plu_0"viton" "0"-ring fittin_ which held the smaller tube about

2 Innhes above the f1_oorof the large tube. The melt level in the inside

tube _,ws depressed with respect to that at the annulus by m _f • var-

iable b_dr_t_tic hea_ in the external vent system (see fAgure 22). The

low te_peratAu-e elect_le was placed about i inch abo_e the hotter of the

inside tube_ and it was submerged to a depth of about I to 2 inches in the

melt. The high temperature eleetro_ _ was placed in the _ at an

elevation of _l_OUt 5 or 6 inches above the low temperature electro_ and

_t was also suspended about I to 2 inches belo_ the melt surf_. T_

couples made of platlmun versus 90 per cent plstiElm-lO per cent rhodlwa

wire, 0._0 inches in _ie_aeter,cera_Ically insulated, and In_ _y

6 _ vyeor tubes, were placed adjacent to each electrode.

2. Description of Vacuum Seal C r ,ssion Fitting

One of the _or difficulties ene_Anter__ i_ cell constr_eti_n was

the design of s fitti_ to _I the refractory tubes, the electr_es_

ther_uples_ and v_nt t_es so that the unit was _ tight un_r _derate

vacuuL Since the seal was onl_ a_t 7 inches out of the furnace, it

was necessary that it _lso be resistant to _od_r_tel_ high temperate.

The resultant design is t_at shown in f_s 19 and 20. It ec,_sintedof
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a teflon plug against which vit_.nO-r_ were campresaed _y mete& litres.

As shown in figure 19, the plug wm_ secured to the outside of the large

tu_e by a 2-I/_" O-ring. This was co_pr_d by an iron ring which screw-

ed onto the iron sleeve enclosing tha_teflon plug. With this arramgement

almo, the bras_ _ase plate was held i_ place. The iron fittings were t_ght-

ened by slmnner wrenches designed to fat holes _rilled around the circum-

ference of the sleeve an& r.r.,, compression ring. The small refractory tube

and the electrodes and thermocouples extending into the cell annulus were

sealed by viton G_rings seating against the teflo_ plugo These O-rings were

ccrpressed by brass _ thzeaded so as to screw into the base plate.

They ,_eretightened by special wrences custom made to fit i_+,4)the com-

pression __ grooves. The low temperature electrode and thermoeo_ple were

held inside the small refractory tube by anoth_r teflon plug and O-ring

eoubiL_tion. This is shown in figure 20.

Tension rods a_tache_ to the base plate vere passe_ th.-_h a small

brabs cmmZn_ssion plate. The rods were threaded at the top so that the

plate eouldL be tightened down against the top of the i-_8 inch tube.

_e figure shovs how a seal vas made on the electrode, thermocouple, and

vent tube when this plate eozp_ssed various O-rings lmtween itself and a

small teflon ply. This saw pressure seeled the plug to the refxlctory tube

through another O-ring.

_he fittiag thus constructed performed perfectly, and there was no

noticeable leaks_ at pressvzes dovn to a centimeter of m_rmm_. _ch a

_nflgaratlon also made it possible ,_ochange electrodes in mimates.

3. Detsi e (see ftA re 5)

The farnsae shell consisted of a 7" I.D. "tran_ite" tube_ 20_ long

vi%h a _/16" wall. Cizeular transite plates of slightlM larger diameter

-_e,-_clamped a both enA_ of the farna_e by iron rods. Th_ top ple+_ baA a
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hol_ in_the tearer 3_ eno_ _o admit the cell. _ furnacet_e vas

nade _ t_o ]forton _o. 17_88 refractory fU_nac_cor_s staeke_ ene on

top of the other _ cla_d _etveen th_ furnace en_ plates. Before

ins_tion, the composite core was l_Axwg_clamp6d and vrappe_, with F_ntbeA

A-I resistanc_heatingvire. The wiree O.O_" O.D. and 0o169 ohms per foot_

vB,s,k_re-eoiledby wi_Ai_ tightly on a I-5/8" O.D. pipe rotated in the

lathe. Thus pre_, the wire could be slipped into grooves on the out-

side of the core. The wires were tied off at ea_+h end of the core in such

& way that _ouble Esntb_l leads extended outv_ at each end _ud in the cen_r

for connection to the lx_er inlet terui_Is, Tbi_ center lead acted as the

c_ ground f_r _ta po_+_r ._o_'oes_ az_ it us m_le by _.k:tng a loop in

the wire and twisting it before rindS. When wound, the loop ex_

outward to be u_ed as a teruinal connection. _ound in this nannerp the

center furnace coils were not interruptedby tle_ff knnts.

A__ter wrappi_, the ecmposltecore vu secured with a special clsmp

to the beJe plate of the furnaceana sufficientA_ RA Ii_ e_ut

a_plied to eonpletel_cover the heatin_ coils. _MA_vas pernitte__ dry

overnight. Because of the low strengtho+ t_e uncured c_uent, it _ neces-

lar_ _o e_er_ise_ in placing the furnace she:LX and top plate _to

p_sition® _mm_r, ones the _ate were ti_htene_ on the l_ace rod_, _e

core _ held seeurel__ber cem_slon betveen the furnacee_ plates.

The l_mthll lm_da vez_ co_ to tb,l termiu_s in the she)A

ssse_ before tMe top _la_ _ insta3AeA. Two boles vwre _ ia

*,op pla_ above _h4 eanmlu _ the furnuae shell and the core thr_

vhich Alund_ ty_ B 163 bubble insulation ww _Me&, _sim made a ccmi_et

tvo-_one tube Furnace, e_t the cell unit _ be lovered into or reno_

from the _msee withon_ _Lstur_in8 it in a_ _y. Two _ntre) thernooc_es

Of platimm versus 90 per sent platimm-lO per eent rbodl_a vlre, 0.080
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i_che8 in diameter, extend__.dinto the .eurm_.ef_cm the bottom; one extend-

ing to 8 positior opposite the high temperature w_ndIm_s and the other

opposite the low temI_.raturewlndiz_s. With the cell In position, the con-

trol thermocouples were situated in the annulus between the outside ol the

cell container and the inside of the furnace core. Before low_rlng the cell

into position, a thr_ inch base of bubble insulation was placed in the

bottom of the f_,.rnace._e large outside cell tube then extendmd _,even

inches above the top of the furnace. The furnace was suppor+_d on metal

legs about four inches above the l_b_;ratorybench,adjacent to the hood_

_m8 lines extended to the cell from the hoo_ to supply the electrodes

sad +m vent th_ two cell compartments. Electrical ;(wer was supplied from

two controllers (Earber-Colman No. hOT P Cap_cltrol-Sillcon Control Rect-

ifier c_nbi_tion) m_m_e_ on a laboratory cart and connected by flexible

cable to the _e termlmal_,. The thermocouples were conmected to the

contrgllers By about eight feet of c_nsating wire.

4. Auxl//_y Gas-Feed _ Vent S_stem

The l_e cf this system was first to supply a pure stream of chlori_e

to the electrode _t a uontrolled rate and second to maintain e,stead_

hydrostatic he_d difference in the vent lines to regulate the relative

liquid heights in the cell compartments.

The gas feed system w_s designed to accomedz _m either pure c.hlorlne

or pure argon by the turn of a stopcock (see f_gure 22)o The gases (M_theson

ch/_rlm_ _nd M_theson lamp gr_le argon) passed from the cylinders through

pressure re.cling valves to drying columns (I cm I.D. x 2M' long) packed

witha_a_x_ magnesium;_rchlo_-_("A_h_a_one").

The electrode feed gas (either chlorlne or argo-_)then passed thrcugh a

sto_ock _ the feed Ll_e. Two gas streams were separated _t a "T" connec-

tion and each flowed through a stopcock, teflon needle valve (Fisher, Cat.
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No ...._hz_oU-,_=':/,and fiowmeter (Fisher_Porter 08F-I/2_DS-4/36) respectively.

Corz_ection_f-orethe flowmeter outlets were made directly to the electrodes

as c_heywere l_ztal]ed in the cell. All gas lines were of _elded _Iz/r_x'

throughout ___ceptat points where flexibility was desired _uch as _ the lines

leading to the cell. _nese were made by connecting a number of short lengths

of glass _tuL±ng wlth shcrt lengths of flexible teflon tubing "_-gon_'

_,_4_ _ �d_vp_ hh_ i_i_ _r___.n_ _]SO onto the _lass.

thus assuring a gas-tlght Joint. This prevented any air leakage into the

feed :ines while the cell was open,tea under re.duccdpressure.

The gas, after flowing past the electrodes, r3se inside the respective

cell c_nts and exited thoroughthe vent tubes. These we_e connected

by tygon tubing to t_hevent train inside the hood_ Tygon, which is at-

tacked by chlorine but _alch is mmch easier to use than teflon fo_"flexible

leak-free connections wa_ satlsf_ctory here since the gas had ala_ad_ passed

through the cell and s_iosequentcontamination was not ha_fal° However,

it was necessary oecasi¢0mallyto replace this tubing. Otherwise all

connections in the vent system were of welded pyrex. Stopcocks generally

contai_m& _eflz.nplugs. Those containing l_Tex plugs were lubricated satis-

fa_torllj-_th 5ocker "_.uorolube_ stopcock lubricant.

The vent _me from the low temperature cell _cm_ment passe_ through

a stopcock an_ then through a bubbler containing c_rbon tetr_ablorld2o

J _is llme was also connected to a calibrated Ashcroft type 1012 vacuum

gage use& to determine the cell press_re. _e vent f_m the _e of the

cell also passed thr_agh a stopcock _ua then Jolne_ the stream from the

bubbler before being expelled. T_as, the pressure of the high temperaturm

e_ectrode chamber corresponded to that at the liquid surface in the bubbler,

and the pressure of the low temperature electrode chambez corresponded

. to that at the b_se of the bubbler. The pressure difference coul_ be
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varied by cha_ging the level of carbcn t_trachloride in the b_bbl_r which

, _ connected through another storcock to a CCI4 reservoir. This permitted

excellent control of the liquid level difference in the thermocell.

D_rL_g atmoGp_eric l_reasu_eruns, the cembim_ exit _as _trmam _ md_m_-

ed near the hood v_nt. During _ced pressure _ns, .itwas expelled via

a teflon neecLl_valve through the water aspirator pump° By throttling the

_%_ through th_ tw_ feed needle valves and the exit needle valve st a

controlled rate, ste_ vacuum _ maint_ime_ in the symtem.

_. Detail_ ,o,fElec%rode Construction

For meaningful results, it was necessa_rythat the electrodes be

designel so that only a sm_ll surfane was ex_ed to the electrol_o

To .met this criterion_ the electrodes _re constructe_ as shown in fi@mre 21.

They were of National Carbon grade AGSX grapkite rods 3/8" O.D. X 24" lomg.

The rods were machined carefully to a diameter small enough to slide

easi_ ° inSo a 9 m vycor sheath with Just a small button, :I/8" thick

and 9/16 in diameter e_:posedto the melt. Liquid wa_ preventea from,J

contacting the upper carbon rod by the passage of chlorine through the

, T_us, o_ly a small isothermal electrode are_ was ex_ to

reaction regardless of its submerged depth in the fused salt.

To make a leak-free electrical connection to the electrode, a hole

was dril _d and tapped in the side near the top of the graphite ro_ to

accomodate a No. 8-32 brass machine screw. The head was mille& flat am_

a hole drilled an& tapped inside this screw to acco_,n_1_tea No.

machine screw, The vycor sheath was placed over the el_trude so thmt

the bottom button and a small lemgth of rod at the top wer_ expose&.

The large machine screw was Installe_, and a length of expand_d teflon

( enns lvannuorocar Co., E 0.030"

n_tural TFE) was he,ted; conse_aentl_ contr_ctimg so as to m_ke a ti_

|
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seel bet-_een it _,.athe _or sheath. The _ther end of the teflon sleeve

was eealed to a glass inlet tube. tmneteflon entirely covered the _rposed

graphite and the screw. A small hole was then drilled thz_6_ %he t'.flon

so that the No. _'-48screw could be tightened against the flat hea_lof the

Is_rger_c_ew, By thus tightening the soldered l_ad wire and a washer against

the teflon and the tefJon against the large _crev; a secure _as-tight sea._

The _ _Lf_cu_ encountered with the _=.l_=et_Les v_s an occulo_

of the graphite rod where zt had been drilled.
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B. Development of Firm] D_ta

Tkis section is devoted to the direct comparison of equation (28)

with experimental results. Equation (e8) is simplified to the form shown

lw._lowin order to expedite numerical calculation.

T

o n-I /E --0.02_30[ 2_°dT + T in_ -T in([-=V]_)] (7_)R o
T
O

......(TiL_,,O_OhqO_ !s the ouantitv__ R/2/r. and has the units of mil-

llvolts per centigrade d_gree. The other terms are explained in section

II!o

To make the desired comparison, a temperature T and a total pressure

corres_ond/ng to an experimental determination were selected. Then from
t

kn_tn veuluesof To, n, and Tr (1,4,27.,8_);the last two terms of equation (74)

were calculated. This proce,durewas repeated at several values of T for

T 2_ S°
all of the pressures of interest. Then the value of the integral -g-- ae

T
was chosen to give the best agreement between the calculated and o the

experimental voltages.

The results of a trial calculation for the NaCI-CI o cell are shown in

Table VI. Table VII gives ta_late_ co_arieon of final resulte for all

of the cells studied.

The experimental voltages used for this calculation w_re read from

figures 9 through 12.
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Table VII

Tabu_ttcn of Experimental versus Calculated Voltages

(all voltages in mi_livolts)

Sodium Chloride-Chlorine Thermocen

(Reference Temperature.. o•900°C )

Temperature: lO00°C ll00°C II_O°C

l.O00atm 48o0 48._ _'_ _ _0 _ _ 8_ lO_ 8 _ "_ 123"3 "0°8

O.822 49°Z 49°4 -0.3 i00.5 99.3 Z.2 129.9 129.5 0.4

0.655 50.5 ._)-5 0.O 102.8 101.5 1.3 130.0 l_B._ 1.6

0.487 92.0 51.5 0.5 107.0 109.3 1.7 136.2 134.9 1.3

0.321 94.6 54.2 0.4 Ii_,0 113.0 1.0 147,1 i_6,6 0.9

T0.198 60.4 97.5 2.9 132.0 25.3 6.7 Z?_.Z 168_7 9._

f 2AS° aT 109_ (47,0 my) 216? (93.3 my) _>?Oe(116.3 m)
TO R

!1.ooo 1_%o 15o.o -1.o z77.o 178.5 -1.9 ..... zo9._ ....

o.822 153.7 154.o -o.3 184.2 18_.o 0.2

0.655 16o.3 197.8 2.5 194.6 19o.2 4._

o.487 17o.7 167.5 3.e ele.O 203.8 8.2

o.321 191.o 185.o 6.0 _B.o ........

o.z_8 _.o .........
T o
2mS

T
0

m
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_continuedl

PotassiumChloride-ChlorineThersDcell

(Reference Temperature....850°C )

1,000 62,6 63,3 -0,7 102,2 Ice,6 -o,4 I_8oO I_8.9 -o,9

o.8e3 63.9 64,3 -0.4 IO9,2 Io_°5 -o.3 i_o5 I_,5 ooo

0,657 6¢°3 65.6 -0°3 lO7.-° lO7.4 -o.z 198.0 I_7._ o,9

0.490 67,4 67.4 0.o 111,4 11o.1 1,3 166.8 16_°3 2.5

o.323 7o°9 7o,4 -Ooi 118,2 115.8 2.4 183.5 176.2 7.3

O.160 77.1 78.3 -1.2 134.4 133.8 0.6 2_o0 236.4 5.6

T2 _soO.076 88.0 87.0 1.0 169.3 160.9 8.8 330.0 ........

•T 1430 (61.9 _w) 2306 (99,3 my) 3221 (138.9 my)

i.ooo 206 206 o

o.823 216 214 2

0.657 23o._ oo9 9.9

0.49o 261 249 16

T 0.323 36_ ......

f 2_S° dT
T _ 41_9 (178•9 my)
0

Lithium Chloride-ChlorineThermocell

(ReferenceTemperatu_....700°0)

(Pressure...1.0atmosphere)

_merat_: _o°.__c __% !_ooo% n_°c _oo°c _°c

94.6 io9.7 162,8 219.9 2?9,.0 318.o

i_°aT 1270 _o93o _83o 9889 6_9(29),,)
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Table Vil (continued)

Silver Chlorid_-ChlorineThermocell

(ReferenceTemperature.....500°C)

'__re: ex)°..__£c _ _oo°.__.£

1.000 68.0 67.9 0.9 135.5 13_.3 1.0 200.6 1_9._ 1.2

ve |,,,i I v T°.i. --,,/iv v I,,M. "_',-J I o_r _j_.v _v_ _jvj .... ._, --.

0.621 70.1 70.2 -0.1 139.5 140.1 -0.6 206.8 206°5 0.3
i

0.k95 7!._ 72.0=.-0.6 152.2 143.7 -1.4 210.8 212.7 -1.7

0.290 73.3 79.0 -1.7 I_6.0 148.6 -2.6 216._ 229.0 -3.6

0.120 77.2 77.3 -0.i 193.8 194.4 -0.6 228.0 2,30.5 -2.5

0.016 8D.8 8!.8 4.0 171.0 163.0 8.0 254.0 ........
tit

-_2_S°¢T 1580 (68.0 mv) 3150 (135.9my) _9 (200.6my)
T R
O

lOOO% noo°ci i i .......

1.000 263,0 262,0 1.0 324.2 323.5 0.7 389 389.0 0.0

O.787 267•0 265.6 i.4 330.0 327.8 2.2 391 389_3 1.7

0.621 271.0 270.0 l.O 33_.4 332.3 2.1 398 3°3-5 _-5

0.455 276.9 278.2 -I.7 3_2.2 3_1.5 0.7 _)7 _0_.0 2.0

0.290 28_.5 289._ -4.9 352.0 357.0 -9.0 _20 _25.0 -5.0

0.!20 300.0 303.0 -3:o 373.0 372.3 0.7 _9 _6.5 2.5
Tf%

2_s--_ 6no(263_,) 7532(32,,_,) 889o(_ ,,,)
'o

120o% _,_%
I.ooo _5 _6 -1.o ..... 9_9.....

0.787 _53.5 _51 2°5

0.621 _62 457 9.0

o._55 475 _71 _.o

_o.29o _93 _.5 -3.5

_._o lO,I_ ''-°
v.:,,.,_') 11,6oo(_99_,)
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C. Calculation of lh_tro_ Change for the Chlorine Half Cell Reaction

The standard entropy change for the reaction

Cl- z/2 +e"
on a graphite electrode is equal to

_S ° = 1/2 S°Ch _ + _e,g " SCl- (76)

where S°c_ is the standard state entropy for d/atomic chlorine at one

_e_ is the transpor%e_ entropy (equal to the sum or
atmosphere pressure,

Se,g plus S_e,g)of the electron in pure graphite and _CI" the corresponding

term for the chloride ion in the pure fused salt. However, since lhe

quantity SCI" is not known, equation (76) will be rewritten as

=z/2 + e,g "_S' = _S ° + Scl. - Sol-

The determination of _ S' is outlined in table VIII. The first column

lists the temperature in °C. The second shows values of SMX , the molal

entropy of the particular fUsed salt at the temperature given (values

taken from Kelley(l_ and glasener(_). The third column lists the trans-

I latlonal entropy correction term of Pltzer(2_), and the f_rth is the

partial mo_l entropy of CI" as dete_ined from equation (35). The next
J

_ colunm lists the corresponding chlocir entropies taken from Evans, et. al.(8).

The entropy of transfer for the e!ectron in graphite is tabulated in column 6

and is estimated to be about _ o-,_,,. e°u. From these values substituted J ._o

, equation (77), _ _' can be cal_lated. The result is shown in colu_m 7.

The equivalent Seebeck coefficient and experimental values for _he Seebeck

coefficient and _S ° make ur.columns 8, 9, _ud i0. _i" calculated as the

difference between _ S' and _ S° is li_ed in the final column.

m nl,

_Note: The value Se,g _ estimated from that of en electron in copper
(-0.13 e.u. at lO_oO°K)reported by Tyrrell(_) from an artie?.e

by _mkin and Khoroshin (Zh,:r.Fiz Khim., _ 900 (1992)). The

thermoelectric potential for the copper-graphite ther_ocoupl_ _t

i IO00°K (zeference _ indicates that the transported entropy of the
e_eetmon in graphAte minus that of the electron in copper is equal to
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D. Estlm_ted Thermoce!l Efficiencies

These efficiency calculations are b_sed on the assumptions made in

section VIIIoB, i.e. (1) the contribution of the solid conductor to the

efficiency or inefficiency is insignificant compared bo that of the

electrolyte, (2) the cell output voltage i_ one-half of the theorevical,

• and (3_ polarization effects are negligible in comparison tc ohmic losses.

From an energy balance, the efficiency E of the cell is given by

" E =w/% (78)
where w is the rate at which usef,_lwork is supplied to the external load,

and qH 25 the heat transfer rate to the hlgh temperature electrode. In

accordance with the above assumptions, w can be written as

w = EI/2 (79)

with I defined by

EoA (80)
I- 2L

where

• E = open=circuit cell voltage
A = cross-sectional area of the electrolyte

L = length of the conducting path in the electrolyte
• o = electrical conductivity of the electrolyte

and E/9 is the Anternal voltage d__p of the cell as impl_ed in the second
f

sssumption above.

Tim term ql!is m_de u_ of three separate quantities; qc' the heat

conducted avay from the hot electrode dne to the temperature gradient

in the el,_c_rolyte_qr' the heat absorb_ at t_e hot electrode by the

cell reaction; and _, the heat absorbed due to the evalxo_tion of salt

: -hichia conti_ually carried away from the hot ele_tro_ _.by the circulating

chlorine. Equa'_Jon(78_,can ncv be written in te'_m_of the_e symbols as

It should be m_ntioned here.that the ezpression for q_ is complicated
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by several other variables. For example, the heat &oner_ted in th_ _]e_t-

: rolyte by ohmic losses alters the tempei_ture gradient hetwe_- L_e,._-c_des.

Likewise, heat is given up as salt condenses out of the chlorine_salt

v_por m_xture flowing from the hot _!ec_rode chamber. A similar eff_:zt

is introauced if the elec_tx)degas dlssocia_es.

it can be shown(lO, 14) that the effect of oamic losses is to alter

the temperaturc profile _uch that q.:may be approximated by assuming a

idrmar profile and then subtracting from the resulting heat flux a quentity

equal to half the ohmic power loss. In other wcrds,

kA (TH-TC) 12Lqc = L 2 aA

The effect of Bait condensation and recombination of gas (monotA _[e to

d/atomic ) in the return lir_ also tends to redace the quantity qc"

Howerer, quantitative evaluation of these terms yields a second order

differential equation which is not amenable to routL_ solution methods.

For this r__ason,equation (82)will be used to define qc" Therefore,

, the final calculated efficiency will be sm_ller than would nave been the

case had vaporization rnd dissociation eff,_etsbeen included. This will

provide a safety factor to compensate for assumptions (i) and (S) discussed

in the beginning of this section.

The heat absorbed by the hot elect_x_iereaction qr is defined by the

Ibiiow'l ng:

I TH hl SH
%

•_here _S H ic the entropy chan&e for the process oc,;urri_gat the hot el-

ectrode. _S H which is rel_te_ to the Seebeck coefficient u, i.e. the

slope c the E versus +_e_--_tu_-ccurv_ &t TH can be determiz_ by dlf-

ferenl,iating equation (28), c_ where data are available, by direct measure-

ment from the graph.
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q_, the heat effect due to salt vaporization is defi_d by eq-_tion (8h)

below.

% = .z (_-_&)

p_ is the melt vapor pressure and _ _v is the he_t of
where vapori_ation.

E_tion (81) is more easily evaluated if n'_u_ratorand denominator

a_ _Ivld_d _ T. _y __dolr_th1__and tb_-nn_%,Inin_ _uat.iOns [_ and (_0);

the following equations result:

% 2 k (T_ - Tc)

% %' sB-- = (86)

-- _ ( ) (87)
I _ rr-_

In terms of _antities which can be calculate_, the expre._sion for

th_ efficiency now becomes :

2
g1

I J. I

F_uaticn (88) was used to calculate the efficiencies listed in

Table IXo Results a_e shown here for the silver chlorida-chlorlne cell

and the hypothetical cells boron oxide-oxygen and lithium fluoride-fluorine.

_periment_l results were used for voltages of the silver ch!orid_-chiorine

cell while those of the remaining cells were estimated u_ing e_l_tions (28)

_m_(3._).
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Tab].e IX

• Estimation of Thermocell Efficiencies

Table IX.-A:Silver Chloride-Chlorlne

Tc = 500°C(773°K) AHV : 58 Keal/gmcle (b)

k = 0.00837 Watt/C°cm (a) o = 5 ohm-lcm-I (c)

*h = 9(X)°C (i173°K); PAgCl = 0.008 at,m (d)

E cc/i" g_I q_]I 6

1,0OO atm 262 mv _9,_4mv 728 my .... 2.2 per cent

O.621 270 4_92 739 .... 2.

O.ZgO 289 4568 822 .... 2.7

o,]2o 303 4344 855 .... 2.9

(2.9 per cent efficiency is equivalent to a figure of merit of 2.7 X i0-45

% n oo°c (1373°K);: P_Ci : 0.0145 atm (d)

E qc/I q/I VI

1.000 atm 385 mv 5]24 mv 352 mv 15 mv 3.2 per cent

o,621 393 50]2 865 25 3.3

O.290 425 4624 920 55 3,8

O,]20 _47 4388 i000 123 4.(_

(4,05 per cent efficiency is equivalent to a figure of merit of 3,3 x 10-4)

TH ]200°C (1473°K);= PA_Cl = O 0)_61 atm (d)gin.

1,000 atm 445 mv 5139 mv 915 mv 51 my 3o6 per cent

O.621 457 5006 972 84 3o8

0.290 _97 4'-._5 ].060 2oo b..z5

0.200 .5,?.8 4B08 i106 666 J+35

(4.35 per cent efflci:_.y i,Jequivalent to a figure of merit of 2.9 × lO-4)

= 1300°C (,1573°K);pA_c.1= 0.136 aim (d)TH

E qc/I VI VI

1,000 atn 510 mv 5128 mv 923 my 164 mv 4.1 per cent

o.7o 5e7 4938 992 251 _.3

o.4o _6o _ lOO3 536 _.5

o.2o 634 _o61 lO99 221o 4o3

(_.5 per cent -ffie._encyis equlvalen_ to a figure of merit of 2.6 X I0"4)
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' Table IX-A (Continued)

= I_7°C (1800°K); l_c i : 0.906 atm (d)TH

E qo/I q/I UI
1.000 _[:m 614 my 4006 mv 1183 mv 10040 mv 2.7 per cent

Table IX-B: Boron Oxide-Oxygen

TC = 9_°C (8OO°K) Z_Hv = h8 Kcal/gmole (b)

k = 0.00837 W_tt/C°cm (a) c = 9 ohm'Icm'l (c)

= o_

TH 1800°C (2073°K); .B203 = O.Oll atm (d)

,_ E (e) qc/I qr/l q_/I E

1.00 atm 921 mv 6269 mv 510 mv 6 mv 3°7 per cent

0.90 9_o _k59 8_i 12 3.9

0.20 967 5758 883 30 _.25
1

(4,25 per cent efficiency is equivalent to a figure of mei'Itof 1.46 x i0"_)

Table IX-C: Lithium Fluoride-Fluorine

Tc = 877°C (l150°K) _Hv = 148Kcal/gmole (b)

k = 0.00837 Watt/C°cm (a) o = 9 ohm'icm-I (c)

TH I_3°C (1700°K); _ = 0.113 8tm (d)= "@LiF

1.00 atm 649 my ih38 my 1380 my 26_ mv I0,5 per cent

0.50 ._v_ i171 1520 609 ii.

o.zo 91o 9F_ 172o _7oo 8.5

(ll.h per cent efficiency is equivalent to a fiE&re of meril of i_86 X IO"3)

NoteF :

(a) ±_ermal conductivities _ere assumed to be 0°00837 Wett/C°cm for all

th_ee melts em taken from S_udheim(2._). This is probably Low for llthi_m
fluoride.

(b) The heat of vaporization is raported by Bloom, st. al.(_ for silver

zhloride, It appears to be ve_$,nearly the same for the other molten salts(_).

(c) Electrical conductivitles we,_ t_ken from M_ntell(18__for silver
chloride, from Yim and Feinleib(36) for lithium fluoride; and it was
estimated for boron oxide. Note'_'--hatit is not entirely valid to use
normL1 conductivity data since,only one ion migrates in the thermocell.
However, in the absence of better data, these mmasured values were used.
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(d) Vapor pressures were taken from Bloom, et. al.(h) for silver chloride.
Values for other _elts were estimated from boiling point and heat of

v_.porizationdata reported by Glassner(9).

(e) Voltages for cells containing boron oxide tnd lithium fluoride electro-
lytes were estimated __om equation (28). The ionic entropy for the oxide
ion in boron oxide was estimted to be one fifth of the entropy of the pure
melt-_obvic_sly, a questionable extrapolation of Pitzer's equation. The
fluoride transported entropy was assu_ed equal to the value ca_.culated
from Pitzer's equation_ and it is consid__redto be quite accurate°
Entropies of transfer, of co_rse, were assumed to be zero in both cases.
Entropy and e_li_Ibri_,mdata were taken from Glassner(9) and Stull mind
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E. Discussion of Possible Rx_erimental Errors

The dat_Aobtained in this -_rk were consistently reprodncab_._. Their

precision likewise was good (fluctuation- in voltage were con-ider_bly less

than a milllvolt and can be attributed to s_ll vari&tions i_ the temperatu_

of the _it in contact with the electrodes)° However, there are two aree_

of poeslble consistent error which shoul_ be discussed. They _re (I) the

r_eed pressure operat._.on,_ (2) poe_ible errors associated with the

, o1_ez_redresidual voltages o

I. Air Dilution of Electrode F_ C,_

As _nt_o_ed in sectio'_A of the A_ndiz, special precaution- w_.re

taken to _ both the feed li_s and the electrode fitti_ gas tight.

Otherwise, lee_ of air into the electrode feed lines dnring v_cuum

c_er_tion woul_ dilute the chlorine causing a_ erroneous reading of cell

voltage. That the system _s indeed le_ proof ls illustrated by the follow-

ing observations:

(a) Duri_ vacuum operation, it was possible to cha_e the chlorine

flow rate to either electrode _y a factor of up to two _ith_t cha_

cell volt_. The only limitation here _A,_the point at which the

chlorine bobbling put the electrode became too violent end eausec

voltage fluctuations d_e to mixing in the non-isothern_l electroplate

If air w_re leaking into _he lines, _he change in chlori_ feed rate

without a _imilar cha_e in leak rate _c_Id cease a voltage shift due

to the ch_ in diluent concentration. The lack of a_ such shif_ is

_idence that leakage d.td not occur.

(b) The chlorine was t_r_ttled thigh _te _eedle valves placed

co-_i_rable distance _ mtree_ from the point where the t_ feec_

._ R_cr_t_. The lines up to the _ee&le valves _ontaiz_d ehlorlne above
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atmospheric pressure (about 5 psig) so that any inward leakage of air

would have to occur in the feed lines downstream from the needle valves.

It is unlikely that such leakage would occur in the seperate feed lines

to the same extent° 'i'_i=,_re. if an air leak were present in one of

the line_, the cell would show an e.m.f, at zero temperature difference

due to a concentration effect° A leak rate sufficient to affect re-

and it would vary with chlorine feed rate and total cell pressure.

Aside fran nAch smaller n_.sidu_ie om.fo'r,dlsrussed below, such an

effect vu never observed°

(c) LmLk tosts, _ by placing a flo_ me_r 4_ o--_er, in a line con-

_ctlng the vacuum pump to the gas outlet at the base of the electrode

sh_e_ no leekage when the teflon throttling valves were closed.

_2- DLs_usslon of Residual Volte_es

As observe& in section _,q, the experimental _mrves of cell voltage

versus the temperature _ifference betwecrAelectrodes did not al_ys go

through the ori_in_ but often showed residual voltages of several _l-

livolts. An analysis of the experimental arrange_,ent leads to five p_s-

sible caused of this effect o The possible causes are:

(a) ]_oonsSstent thermocouples.

(b) Thermoelectric effects resulting i_a differences in co_ition

of the graphite electrodes°

(c) Thermoelectric effects resulting i_ external electrode connections.

(d) Voltage effects resulting f_ hy_rostatic pressu_ differences.

(e) _rro_ resulting from differences betveen actual ,_leetr_e

temperatures and those _a_tr_l by the thernocou_,as.

These fi_e effects and their possible co_trlbutlons _ the residual volt_e

are &ts_uss_ individually as folloes:

(a) X_onsi_t,,,m_ t_r_eoup_,_ ('I'I_I_ _'e tb,,_rsocouples whi@h give
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d/fferent tempe_ture readlngs when _._ed in the same isothermal

_th o)

To check for inconsistency in the couples used here, the two

ilother_al electrode compartments were hold steady at d/fferent temp-

eratures and the thermocouples were read. Then_ the ceramically in-

sulated couples were interchanged from one vycor protection tube to

+h. _+h_ ana _d a_a_4n while in their new locations. It was found

that the measured tewperatures of the electrode c_mentz were the

regardless of which thermocouple was present, _u_ demo_str_ti_

_hat tbe couples gave coa_istent temperature readings. The same pro-

cedure _s repeated more than m_e over the period of this investi-
!

gation with identical results.

On • _th_r occasion, one of the theraocouples was placed in the

te_rature environment with a National Bureau of Standards

st_se_ couple. Th_ _er_erature indicated by the test couple

_ in agreawat (towithin1%) vi_h that_ured by th_ standard.

Refor_i_ oi" the thermocouple bead also did _ affect its accuracy.

In gene_l, the plm,tim_ versus 90 per cent plati_-lO per c_ut

rheai_ e_ples usea were fc_An_to glV_ consistent and accurate

re__ Hence, the possibility of residual voltages arisADg from

inconsistent the._aoe_ples, is ele_i_ted.

(_) .n_?r_oelectricetTects renlti_ from _41fferenceein cc_iti___

of_the _raphlte electrodes:

i It wi._lbe r__w_l _ the &IEer_tus description that the

top end_ of the gr_l_Aiteelectrodes pro_ect_g from the cell _ere nearly

_ at ro_a t_q_ture, and the other eB _ere at the te_ratures of the

a_ive eleetr_de e_nte where they _ contact with the

'! electrolyte. Under these conditions, ver_ "_a_l diff_rencn in elec-
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trode cos_iti_ will cause an e.m.f. Just as if the electrodeB were

of different,:Bterialso In other words, ir_omc_eneous electrons

placed in _ tb_ " .,--_dient _ elect_Ica!ly connected will act

as a th_,_ _, ,:._-_ .._ _n= e a voltage. The graphite _lect_s used

_ _ -.. _,.z_cyobtainable. Even so, if they _re to con-

tabu e._i_.tl_rities i_ different amaantsj an e_l.f_ v_l_ be

gestated im .he _hermocell in addition to that at Yeto the

half cell _i_etro_ reactions. _nis voltage vould .bezmL_t_vel_

Inse_itive to the ._irference in electrode te_rst_re_, since it

would r_sult from _he fact that there is alvaye a tem_ersture _z_dient

in the _leetro_s, _ it could _com_t for the residual voltage

observed at ser_ & To Zn order to dete_ne whether sumh a voltsg_

l_zweent,the hot ends of the electrod_ _re short-circuite_ v/th m met-

al wire _ th_ "_Az_tion" _laeed In the e_A_y f_r_eo _ _ of

the el_ro_s _eetl_ fro_ the i_e ra_ine#, eoldo At hot

_ncti_= _rat_res grester than _)O°C, v,_!tsgesof less than

0._ my veze @a_erateo_ a_tel_ deaoz_tz_ting that the electrodes

suf_cientl_ h_ov_.,

___Ther_le_e effeet_ _altin_ fr_a e:te_:_l eleetro_ e_-

neetioas:

Even though the t_ _:_s of _ electro_s which _ro_ect _ the

I_ are aa&r/_ at room _:_erst_re, t_y san still _i_fer in te_-

eret_e by se_ _p"_es, _, it i_ pces:Lbla thst a theraocouple

e.m.f, ec_ _s_elc_e at the _.Ol_r-g_phite _ueti_s where the t_o

e_ m e_ammet_ tc _e ,,m_,_"m_ circuit. H@_ver, emti_mtiem

of t_e __ for a e_-_It_ ,)_eetz_e I_¢_ _ _4_I_LI_4_ ia

a _,ts_a:_ r_f_(._) sbe_ t_t this efA_ is i_i_atfieaat_ Az

a _t_ eA_, _ t_o elee_r_ wze e_meeted at _he "hot" ads

_ a w_a£ _. _em, _dth _ elee_e_ee st ream _t_re, am
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of the c_per-grsphite Junctionswas heated° The resultinge.m.f.

_e neg_ble as expected.

_d) Voltage effectsresultlng.fromhydrostaticpressuredif_e:rences:

It im al_mxentthat the differenc_in electrode_:o_nt

l_sures will influencethe cell voltage due to a concent_ti_ effect..

i_ _e_le_ if _ elect8 were _t the same temperaturebut at

pre_Is 41fferi_ _y _he __a_Ic nee_ _ p_ _here w_ _e

voltage as shown by the Nera_t e_ion below:

_is voltage is sinS.l, however, excel_ where _p aI_r_hes _ in

_._. _ Z_p was _i_le zor most of the workre_a_e_here

l_l W _-'ta_ r ':,for the _ta reported in figure 7- Nevertheless,

an increasein the residualvulta_e was observed ex_rlmenta_ as

ex_e_ st t_t_ cell _essures less than half an atmosphere.

_e o_-yed resi_Aalvoltagu of severalnilllvoltswere found to

agree to within a mi]S.tvolt with tho_e ealeuS£ted frcA equation (_)

ch_e_rlstie of _E_ which is of _rti_lar i__ce

in _ dimension is its relativei_aez_itivityto AT. 5_2isc_o be

se.a_ .quat_ (89) where it is a__ that_p re,_+_aA-

most co_ with £T when T is _rge. Th_s, for the da_+ reported

here, becmuseof the high tenperaturu involved,the resldnalvol_ge

•ae to th_ hT_tatlc 1_a_r_ differencecan _ consi_ere_& _u-

,_ta_ for & _artieulazrun aa_ hezne, can be eut_e_ _ ee_h

_ta point. 53_1s,eorreetion,however_ is negli_Iblafor host of the

ds_a taken, u£ when _BAp _sulate_ from equatlo_ (89) ia 8_b-

stantlal,it still _ a_t aee_t fer the _ :_i_al v_l_je

ob_n_i. _be _m_ree o_ the error _e_._ to be &ttrit_tableto the
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factors _tscusse_ under iten (e) _ch fol.h_.

Tr _ e_riue_a_ cell, the.heat tz_nufer situationis com-

piicate_ by a muu_r of f_ctors. For example, h_at is transferre_ by

r_lo_ i_ _he furuacecoils to the outer cell tube and A_ the_e

through the transparent ele_t_3,7_',,e to the thermocoup_s, el_ta_)d_s_

the inu_r cell tube. Meanvhlle_ these c_aent_ exch_e he_t

by conductionand radiatio_vlth the cvoler T_;s of _he cell sad each

other. In addition, beat is exchanged by conduction between the melt

and the cell ceaqponent.s.Xn light of these factors, it is _ai_e

possible that the the_le _:_tlons are not at _e _ 4_er-

&tu__esas tb_ electrodee. (_p_d;t_t._:_e ewL_natton of this _pex_a

_As_ Is dAffieul_ because of _ c_plicat_ hest-trm_fer

si_4_i_ "_t W.th the sA4Lof m _allt_tlve x_so_t_g_ it ia

possi_e t_ ima3_te Its proba_3_ so_ree.

First of all, it Ir i_: _ obeerve, that there e_e essent-

_ t_o se_ of thera0eouples_- ´�c_ll,_e masuriug co_es

vb_Lehindioste_he te_q_mut_are__ _kei__ sepsr_e _mctto_ lxu_rJ,-

_, and the elec_:_/_es_/ai_ me_ure the t_qmrsture 41_ren_¢

betveea their respeet_ grapM/te-m_it_nsalt interfaces. F_ _e e_-

erimntal ,_I_,,, _:_ __e='_E_p, it a_ that when _e wuur-

se_ as t_e l_qpe:_t_ level of th_ e_.Y "Arres_ut +.o _0°0 mad,

above. 5B_tstadlestes tbs_ the elee+_e_/J _ _e :ee_m e:

_ _: st tl_ mmmtsqe_ta_s as t_Ar a_m_ent t_/:_
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the measured _T's yielding a cl:rve such as that shown in Figure 6. The

maximm AT obtainable by this cell _s about 1_O to _O°C _eceuse of con-

Action of heat from the hot to the col_ zoDe through the melt. In other

words, with a AT of this magnitude,all o2 the power supplied to the f_rn_ee

came through the high temperature eontr_ unit, and any further increase In

this control te_peratu:_ served only to mine both the hot and the cold elec-

temperatureswithout increasing _T appreclabl_. Therefore,after the

first st_in_ of -_u_ vere ma_ to a AT of 150 to _O°C, the cold electro_

temperature _as raised about lO0°C_ the hot electrode dropped to _he same

temperature, and another string of ru_ _ by heating the hot electrode in

_O°C steps until £T _ again 150 to 200eC. By tbAs method, a mmber of

curves similar to figure 6 _re ob_uAn_, each co_respondi_ to a different

___!d _tton temperature, b_t "overlapping" by about 50°C.

C. Ik.dneed Pressure

When nmssurements over the c_mplete _mperature rsn_ f_m _t

above the__iting point to about 1300°_ were Nads at at_oe_bericpressure,

the _ _as repeated at v_,_ous de_reesof vacmm. Reduced pressure

affecte_ by expe11_ the chlorlne from the gas exit systea thr_ a

_ater aspirator. Excellent pressure control_as obtainedby thrc_tllngthe

electrode fee_ streamsand the gas to the aspiratorthrough teflon neeJAe

valves. For vacuum da_a, the cell pressurewas initlal_ reducedto a -5

inches of mercury and held there for a ser_es of runs covering the tempera-

ture range from the mlting point up t_ nearl_ 1300°C. Then the pressure

_s rednee_ to a -10 inches of mercury and the procedure repeated. This _as

done in turn for pressuresof -15_ -_0_ -25, and in two sytems_ -27 inches

o_ _ercury. Pressuresvere 4eteralnedto vlthln + 0.i inch of :ercury by

a vacmsa _age placed in the vent I/he from the cold electrode. The sage vas

_brated _ltha mercury monca_c_r. Vaemm rubles wer_ converted to s_sO-
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_il-tativ_ ev_!,._._t.t-mo_ th_ varlc_ f_ct_:r_in.flu_z_z-l_

_d3m,".ti_ i_i_e_ that th_ electro,is_nd tbe_rmo¢_e shtvaldnot

_ffer in t_rsture _e $o _!fferez_es ia vie_ f_ or am_ta_i_7.

On the ot_r :_ad, -Wn_._'__n_ to_al thermal conduct_vlt_ (k t_mes cross,,_>

section area} of t_, ei_trede ,_t__mis competed with th_ saa_ q_u_,_,),
J

for :,betherT_oc,,-al_:,_- :s.f_n_u__dthat _hg _ ,:trode_ /me _o it_ i_;._e

c_s se_l_m, wi]_",:o.,_u_t_-_t _;_-_at a rate iO0 tim_s hishc_

tha_ t_ thermc_caple when th_q_h_vm identical tempe_ture g_ale_ts.

_e_ _hteto this = _ge coo_luct_v_flux, it is possible that t_he

elect_.&_xlem_y _-tually "re<.oelsr%ban the thermocouple a2Oacent to

it_ From the cell g_c_try, it is possibl_ to limit this effect

further to the hot electrode chamber where the el_:trod_ and

the_mcuup!e experience a stee thermal gradient Just abo_ the sur-

face of the electrolyte, (The cold electrode and thermocouple by

_,£rtueof the_ initial passage t_h the hot part of the _II do _t

_@-_ m_c,hof _ therum_ gr_dlent. Hence, they cannot shc_ a

significant t_mpe_ture difference aris_ng from this conduction

effect.) TAerefore, it Is reasonable to suppose that the hot elect-

rode cam be at _ IO_r temper_,_,_re+_n the two thermocc_ples and

the cold electrode when the latter _o_.,eisothermal. If this is the

c_e; _..he.radiative heat flux Incr_.asesexponentially ana the .'_!-

_tive impose _f the conductle,n-.ffe_tbecor:_.-,_c,-_sn_l less

as the _cempermturelevel of the cell increases. Hence; ms was obmerved

experlmen_ly;, the temperature dSscrepancy (or the resldual volt_tge)

al_he_ zero ms the _ermge cell,tempe.ratureincreasers,

In order to provide a firmer besls for the above explanation, an

encp_rlm_ntalprogram was arranged which would yield the temperature

_Iffere:me between electrodes as a function of _T measured by the
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thermocouples u_der condlti.._n_s_l_r to _he orig_l runs° Thi_ w_s

dome by placing the electrodee and thermocou__iesin the ceil in ex-

actly the sam po_itionF_as th_ were d_ a norual r_tn. A _!ten

salt electrolyte, ho_e_er, was not placed in the cell, but i_te_,

cell was filled with ar_on and tho electrodes were connected with

& ien_th of plmtimm wire© The the_l e°m.f, of the pl_timAm vc._r_B

_r_l_ite Junction_ hs_ been carefully measured previously. _e:_fore,

4Te, the temperatu_ _i_fere_e _n the electroaes, coul_ be

_asured i__tly of AT, the temperature difference _n

the_t_ouples. Simce the molten salt electr_ly_es nQraBll_ u_e_

were t_rAren_ _o raAiant heat, it _a_ felt that this setup slm-

_e_ _ _ he_t transfer si_ation _c_d_ _

_per_tic_. It _ re_ze_, of course, that _e to the _ence cf the

_li_ula,the _e_t conducted by the fluid in t_e cell _,_Aldbe _ch

_ller th_n u_. This, however, w_ tend to accent a_ _Iscrep-

sz_y which ecc_re_ under normal conditions.

_he results of the test pr_ are sh_,'a in figure 23 for

th_ exper_n_al 8etup _scri_e_ &_ve_ The figure a_ ATe,

the t_ar_ture _Afference _etwe_n the ele_troae8 a_ a fu_eti_n of

AT, _ __uw _lffereace muured by the _ouplu. It

_hould be ob_"ve_, that if _ TO ie equal to AT_ the point _ fall

@_ _ ._._rty.-fiveaegree lime shown in the figure. 2t i_ eo_l_ble
J

that _T e could still e_mal £T when neither electrode _ at the

thermocoup]_ temperature. In thls case, the _i_fere_ce _et_m_n

electrode and. _ouple teupe_tures _ld. be the same in both

,, c_;mrt;memt_. However_ conaide_r_ the configu_mtion of the cold

cieetr_ __, it _ee_ unlike_7 that a _e_pe=_a_re _i_erep-

of _ _ime exists there, an_ it seem even more u'_.lkely that

( "_ I '1 _, ,,,- - ,-v ,. -,la !_e _'" _ _ _ am that in th_ hot _ea'me,,4;.
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_nermfore, a_suminc_that _he t_z;l_eratureof the cold electr_ie is

c_] to th_ of the cold thermocouple, the r_sults in flgur_ 23 show

_t the hot electfod_ is actually colder than that of the hot thermo-

couple at low average cell tempcratu_eb. Further, it can be seen

that this i!screpancy bee_ue_ _maller as average temPer_tur_ iucreases

until at teml>_ra_res of 800°C and abo_e, _Te iE_very,nearly ,qual to

_T as re_i by the the_ples. The behavior of the temperature

_iscrepancy, even though it is larger in the absence of an electro-

lyte, is identical to that of the residnal _oltages obeerved durirg

the aet_l th_rm_ceil exT_eri_en+_s.The_e result_ provide strong evidence

for the argament Fat forward above which asserts that the hot electrode

and thermocouple were net at the same temperature.

The most Im_:_rtantasp._ctof tb_ above finding is that the +_p-

ex_tua_ dd_creps.ncy,hence, the residual voltage, is relstivel_ in-

sensitive to AT. The ,.f_re,this residual _E_T can be treated

as tho_gh it _:re independant of _T, add it can be subtr_-ted from

each data _oint in a given run.

Of the five considerations above, it a_pears that the total observed

residual voltage _E is the sum of _EAp discussed in itea (d) and _EAT

discussed in item (e). Both are essentia/ly constant with aT. Since the

sum_ therefore, is -_o constant _thAT, the residual voltage dmtermi_e_

from an experimental plot of E versus aT can be subtracted frc_meach

separate voltairerea_!Ingto give curves which peas throu_> the origin.

Then, these =urves c_m be super_m_osea (zee section VI-B) to give total

voltage versus te_pe:raturegraphs.
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F_ Nomenc_ture

A cross-section s_-,_aof the electrolyte

E re_ _ibie cell potential; volt_

F Gibbs free ener_

_rtial mol_! free energy; cal/g mole

._ Faraday's constant; 96_500 _o_ulombs/gequivalent

H enthalpy; cal/g mole

I cur_nt; amperes

J transport,fluxes as contai_d in equations (36) and (37)

k therm_l condnctlvity; Watt/era °C

K dissociation constant

KT h_-r--_ction equilibrium ratio

i L coefficient used to relate fluxes _nd forces. Also used to denote

the length of the conduction path through the electrolyte

M coefficient of performance defined by equation (h). Also used to
denote molecular weight

n dissociation variable defined by equation (22)

p pressure _ _t_ospheres

vapor pressu_e; atmospheres

Q used to denota heat energy

heat of transfer of species "k_

q_ rate _t which h,_t is conducted away fr_a the hot electrode chamber

_H heat transfer rate to the hot electrode

qr heat absorbtion ra_e at hot electrode due to reaction

_v heat absorbtlon rate at hot electro@_ due to salt vaporizatior.

R gas constant; 1.987 cal/g mole OK

i S symbol use_ )denote entz.opy;entrolmj units (ca_/g tootle°C

S° etandard stata entropy

_ _'._lal mol_A entropy
|
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S ent.-_>p_jof cransf_r

q _ransported entropy; _ = S +

T te_per_tur_; oK

w rate at which work is do_.

W quantity of energy as work

x mo!_s of chlorine diss_lated per mole of feed

z figure of m_rit defiued by equation (_); °C'I

Seebec_ coefficient; rate of change of voltage with temperature;
volts/UC

k a multiplier lees than unity which relates the entrcpy of transfer
to the entropy of activation

,_ -.._edto demote incremental quantities

efficiency p defined as the %uotient of the useful work price4
divided by the heat supplied by the high temperature s_ce

the mamber of e_ctrochemic_l e_uivalente per:gram mole

total _ressure_ atmospheres

I

_ total pressuxe minus the vapor pressure of the salt; atmospheres

o ei_ctrical con_ctivity; oh_a"I cm"I

electrical potential; volts

Subscripts.

C denotes the low-teml_ture Junction

i used to _emote a gemeral species. Also denotes Ln electrie_! flux
or fol_e

H denotes the.high-_z_ture Junction

M r_fers to the cation in a metal-hali_e salt

q refers to a heat flux or force

T _ed to denote a to%_%1quantity. Also dmnotez a quantity at a
specific temperature

X refers to the anio_ in _ metal-halide salt

1,2,3 used to _enote the sel_rate, le_S _f a thermoelectric _Aevice. Also
denotes qua_tities in zones i, 2 en_ 3 in figure 3
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